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OBJECTIVE  :  The  United  States  Navy  operates  many  military  bases  in  tropical  and  sub¬ 
tropical  seas,  most  of  which  are  surrounded  by  living  coral  reefs.  Therefore,  the  long-term  effects 
of  naval  activity  on  the  health  of  these  reef  ecosystems  needs  to  be  monitored  and  evaluated.  Our 
research  shows  that  microbes  inhabiting  the  tissues  of  healthy  and  diseased  coral  are  diverse  and 
highly  sensitive  to  environmental  change  caused  by  harbor  and  near-shore  naval  activity.  Our 
integrated  optical,  biochemical,  molecular,  and  ecological  analyses  indicate  that:  (1)  coral  tissue 
534N  content  is  the  most  sensitive  ecological  indicator  to  quantify  average  sewage  concentration 
with  the  human  enteric  bacteria  found  in  the  BBD  microbial  consortium;  (2)  quantitative 
correlation  of  seawater  (depth,  temperature,  pollution,  light  intensity),  coral  health  (physiology, 
mucus  chemistry,  symbiotic  zooxanthellae  diversity),  and  coral  microbial  communities  indicate 
that  environmental  impact  exerts  the  strongest  influence  on  coral  microbes.  The  long-term  goal 
of  this  study  has  been  to  further  develop  methods  to  monitor  the  diversity  and  function  of  coral 
microbes,  quantify  the  concentration  of  shipyard  pollutants  in  overlying  seawater,  and  determine 
their  cause-and-effect  linkage.  Results  have  permitted  the  development  of  microbial  screening  to 
permit  identification  of  threatened  reef  ecosystems  impacted  by  harbor  and  near-shore  activity. 
This  can  be  used  in  preservation  efforts  to  quantitatively  gauge  and  mitigate  naval  impact. 

APPROACH:  Black  band  disease  (BBD)  is  one  of  the  most  destructive  and  widespread  of  the 
coral  diseases.  It  is  manifested  as  a  narrow  0.1  to  1.5-cm  wide  bacterial  mat  that  migrates  as 
quickly  as  1  cm/day  from  top-to-bottom  across  infected  corals,  killing  healthy  tissue  and  leaving 
behind  dead  skeletal  surfaces  (Fig.  1  A). 


Figure  1.  A.  In  situ  photograph  of  BBD  on  the  brain  coral  D.  strigosa  (0.5  m  diameter).  B.  ESEM  of  the 
BBD  mat  showing  the  dominant  filamentous  cyanobacteria  (clone  CD1C1 1,  putative  Phormidium 
cora/lyticum)  and  putative  Beggiatoa  (arrow).  Modified  from  Frais-Lopez  et  al.  (2002,  2004a). 
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Because  BBD  preferentially  infects  massive  framework  building  corals,  the  aftermath  of  the 
disease  has  a  profound  influence  on  coral  reef  ecosystems.  The  BBD  microbial  mat  is  dominated 
by  a  large  filamentous  cyanobacterium  (Fig.  IB)  that  structurally  supports  the  BBD  mat  and 
houses  a  complex,  high-diversity  community  of  bacteria.  The  approach  of  this  study  has  been  to: 
(1)  apply  optical  analyses,  standard  culturing  techniques,  and  new  culture-independent  molecular 
techniques  to  determine  the  phylogenetic  and  functional  diversity  of  microbial  communities 
inhabiting  healthy,  diseased,  and  dead  scleractinian  corals;  (2)  create  an  ecological  context  for 
these  studies,  by  conducting  the  work  in  specific  pristine,  at  risk,  and  heavily  impacted  portions 
of  a  reef  ecosystem;  (3)  quantitatively  correlate  results  with  chemical  analyses  of  seawater 
immediately  overlying  coral  colonies  and  coral  health  and  physiology;  and  (4)  conduct 
multivariate  statistical  analyses  of  these  microbial,  chemical,  and  ecological  data  sets  to  identify 
linkages  between  harbor  activity,  microbial  ecology  and  coral  disease. 

ACCOMPLISHMENTS:  This  ONR  grant  has  resulted  in  10  published  manuscripts  in  top  tier 
internationally  peer-reviewed  research  journals,  including  Applied  and  Environmental 
Microbiology,  Coral  Reefs,  Bulletin  of  Marine  Science,  and  Environmental  Microbiology.  In 
addition,  seven  B.Sc.  undergraduate  students,  four  M.Sc.  graduate  students,  one  Ph.D.  graduate 
students,  and  three  postdoctoral  researchers  have  been  supported  to  work  on  this  project. 
Research  results  were  presented  at  7  international  coral  research  meetings  (including  the 
International  Coral  Reef  Congress),  as  well  as  in  35  invited  lectures  at  universities  around  the 
world  (including  M.I.T.,  U.C.  Berkeley,  Columbia,  and  Texas). 

Our  studies  of  the  microbial  ecology  and  distribution  of  coral  BBD  have  been  centered  on  the 
reefs  of  the  Caribbean  island  of  Curaqao,  Netherlands  Antilles  (Fig.  3A),  and  the  Indo-Pacific 
island  of  New  Britain,  Papua  New  Guinea.  Our  experimental  results  have  lead  us  to  develop  the 
working  hypothesis  that  anthropogenic  mucolytic  bacteria  derived  from  sewage  and  bilge 
dumping:  (1)  alter  coral  mucus;  (2)  facilitate  polymicrobial  coral  disease  infections;  and  (3) 
impact  energy  and  nutrient  cycling  of  the  entire  coral  reef  ecosystem.  The  consistent  spatial 
advance  of  a  moving  “front”  of  BBD  mat  created  a  geometric  frame  of  reference  within  which  to 
analyse  infection  development  according  to:  (1)  cm-to-meter  scale  stages  of  pre-infection,  early 
infection,  middle  infection,  late  infection,  and  post-infection  events  (Fig.  2A);  and  (2)  micron-to- 
millimeter  scale  structure  and  microorganism  distributions  across  the  leading  edge  of  the  BBD 
mat  (Fig.  2B).  Furthermore,  this  top-to-side  context  allowed  km-scale  comparisons  of  coral 
heads  living  in  different  sites  along  a  given  reef  track  (i.e.  corals  from  different  geographic  sites 
were  categorized  according  to  the  stage  of  BBD  progression). 


A. 


Before  Infection  Earl)  Infection  Middle  Infection  Late  Infection  After  Infection 


Side  View 


Figure  2.  Theoretical  sketches  of  the  BBD  mat  “front”  in 
cross-section  (A)  top  and  (B)  side. 
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We  have  collected  several  lines  of  evidence  that  suggest  human  mucolytic  bacteria  may  be 
associated  with  the  development  of  coral  BBD,  including:  (1)  bacterial  16S  rRNA  gene 
sequences  were  detected  in  BBD  mats  that  exhibited  more  than  97%  similarity  with  human 
gastrointestinal  bacteria,  including  Campylobacter ;  Clostridium ,  Cytophaga ,  and  Argobacter: ;  (2) 
the  greatest  incidence  of  BBD  disease  occurs  just  down-current  from  the  harbor  at  St.  Annabaai, 
which  releases  sewage  into  the  uni-directional  longshore  current  (Fig.  3A;  we  mapped  the 
frequency  of  BBD  at  36  sites  on  the  island;  Fortwengler  2003);  (3)  more  than  95%  of  the 
observed  cases  of  BBD  occur  in  the  back  reef  ecological  environment,  which  is  where  the 
sewage  discharge  pipes  and  maximum  ship  bilge  dumping  are  located;  (4)  the  S15 N  composition 
of  tissue  from  apparently  healthy  and  infected  heads  of  the  coral  Monastraea  cavernosa  was 
significantly  elevated  directly  offshore  from  the  sewage  effluent  at  St.  Annabaai  (Boca  Simon) 
and  decreases  down  current  (Fig.  3A),  which  indicates  that  sewage-derived  N  is  being 
incorporated  into  infected  coral  tissues  (this  is  consistent  with  previously  reported  eutrophication 
trends  on  Curasao;  and  (5)  average  k-dominance  curves  of  bacterial  16S  rRNA  gene  sequence 
fragment  abundance  (T-RFLP)  indicate  that  just  2  or  3  types  of  microorganisms  dominate 
apparently  healthy  coral  tissue  bacterial  communities  at  sewage-impacted  sites  while  consortia 
inhabiting  corals  in  less-impacted  down  current  sites  are  more  diverse  (Fig.  3B;  Table  1). 


Table  1.  Frequencies  of  the  different  bacteria  identified  as  present  in  high  numbers  in  BBD  mats" 


Clone 

Division 

Number  of  Bacteria7’ 

No  of  positives 
in  healthy 
samples  (n=3) 

BBD  mat  (n=4) 

Healthy  coral  (n=3) 

Universal  Primers 

100 

100 

3 

CD1C1 1 

Cyanobacteria 

44.40  ±41. 92 c 

<0.0001  ±0 

0 

CD22E1 

CFB 

22.12  ±  20.56 c 

0.75  ±0.36 

3 

CD22E6 

Firmicute 

16.84  ±28.72 

0.75  ±  0.36 

3 

R3-M4 

CFB 

14.21  ±  8.69  c 

0.64  ±0.55 

2 

CD22D5 

6-Proteobacteria 

9.05  ±4.54 

9.70  ±8.40 

3 

a  Results  were  obtained  by  MPN-PCR  and  refer  to  the  total  number  of  bacteria  obtained  using  universal  primers. 
h  Average  (percent  respect  to  the  total  DNA)  ±  standard  deviation. 

c  Significantly  different  (P  <  0.05)  from  the  value  for  healthy  coral  sample  as  determined  by  the  Mann- Whitney  U  test. 


A  brief  summary  of  our  analyses  of  the  ecological  and  environmental  conditions  associated  with 
BBD  development  is  as  follows.  In  addition  to  the  possible  influence  of  sewage  (described 
above),  we  believe  the  combined  effects  of  seawater  warming  and  cyanobacteria!  activity  are 
central  to  BBD  development.  The  greatest  annual  incidence  of  BBD  on  Curacao  is  in  August  and 
September  when  sea  surface  temperatures  reach  31°  C,  which  is  4°  C  higher  than  the  annual 
average  wintertime  low  of  27°  C.  This  elevated  seawater  temperature  may  weaken  the  corals, 
and/or  it  may  increase  the  viability  of  the  BBD  microbial  consortium  (which  includes  at  least  65 
unique  bacteria).  BBD  is  consistently  observed  to  start  at  the  top  of  massive  (hemispherical) 
coral  colonies  and  later  stop  halfway  down  the  side,  implying  that  light  intensity  is  also 
influential.  In  addition,  BBD  is  infectious  based  on  our  in  situ  inoculation  experiments  of  healthy 
corals  with  detached  portions  of  active  BBD  mat. 

Multiple  strains  of  photosynthetic  cyanobacteria  are  an  essential  structural  component  of  the 
polymicrobial  BBD  infection,  based  on:  (1)  optical  analyses;  (2)  molecular  analyses;  and  (3)  in 
situ  experiments  showing  that  BBD  is  stopped  when  shaded  from  sunlight  for  48  hours  (Fig.  4). 
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In  addition,  our  application  of  RNA-arbitrarily  primed  PCR  techniques  has  identified  three  genes 
that  are  up-regulated  during  infection,  which  have  homology  with  transporter,  photosynthesis, 
and  N  fixation  pathways. 


Figure  3.  (A).  Map  of  Curasao  showing  study  sites.  Boca  Simon  (BS)  and  Water  Plant  (WP)  are  heavily 
sewage  impacted  (highest  coral  tissue  51SN).  Snake  Bay  (SB)  and  Playa  Hundu  (PH)  are  less-impacted 
(moderate  coral  tissue  S15N),  and  the  up-current  site  of  Jan  Thiel  is  the  least  sewage  impacted  site  (lowest 
coral  tissue  815N).  (B).  Average  k-dominance  curves  of  bacterial  16S  rRNA  gene  sequence  T-RFLP 
fragment  abundance  peaks  obtained  from  the  tissues  of  4  colonies  of  non-infected  D.  strigosa  corals.  Note 
that  the  highly  sewage  impacted  sites  of  BS  and  WP  have  75%  of  their  microbial  communities  composed 
of  3  to  7  unique  types  of  bacteria.  Conversely,  the  less-impacted  sites  of  SB  and  PH  have  75%  of  their 
microbial  communities  made  up  of  13  to  30  unique  types  of  bacteria. 


Figure  4.  Results  of  in  situ  shading  experiment.  (A).  Transplant  experiment  showing  BBD  development 
at  each  site  where  the  coral  was  innoculated  (brown  needle).  Note  no  BBD  development  at  the  control 
point  (blue  needle).  B.  Shading  experiment  with  shade  in  place  (upper  left),  shade  removed  after  5  days 
(upper  right),  3  days  after  the  shade  was  removed  (lower  left),  and  9  days  after  the  shade  was  removed 
(lower  right). 

We  have  developed  a  surgical  method  to  recover  single  coral  polyps  from  a  colony  with 
minimal  damage  to  neighboring  individuals  (Fig.  5).  The  histomorphometric,  histopathologic 
and  proteomic  features  of  individual  coral  polyps  will  be  used  in  conjunction  with  gross 
morphology  of  the  experimental  coral  colony  in  order  to  provide  a  more  accurate  view  of  the 
host  response  to  systemic  covariations  centered  around  polymicrobial  disease.  This  approach  will 
markedly  improve  the  current  standard  of  gross  morphology  to  determine  coral  health  and 
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provide  clearly  defined  parameters  for  covariate  analysis.  In  addition  to  improved  statistical 
power,  surgical  reovery  of  individual  animals  will  be  less  damaging  to  endangered  reef  systems 
than  the  current  practice  of  fragmentation. 


Figure  6.  (Left  panel).  Surgical  removal  of  an  individual  polyp  from  a  small  colony  of  Goniastrea 
retiformis.  Note  recovery  of  single  polyp  (held  by  forceps)  and  the  minimal  disruption  of  surrounding 
individuals  in  the  colony.  (Middle  panel).  Digital  Image  of  an  H&E  Stain  from  the  Oral  Disk  Area  of  an 
Individual  Coral  Polyp.  This  is  a  longitudinal  cross  section  of  a  coral  polyp  processed  as  described  below. 
Arrow  1=  epidermal  layer.  Arrow  2=gastrodermal  layer  with  zooxanthellae.  Arrow  3=  aggregate  of 
nematocysts  contained  within  a  tentacle.  Original  magnification=63x.  (Right  panel).  Digital  Image  of 
Oral  Disk  Region  from  Coral  Polyp  Stained  with  Alcian  Blue-Periodic  Acid  Shiff  Stain.  Arrow  l  shows 
basal  orientation  of  epidermal  nuclei.  Several  cells  (mucocytes)  show  prominent  apical  vacuoles 
containing  alcian  blue  positive  mucins.  Arrow  2  shows  intact  surface  mucus  layer  covering  the  epidermal 
cells.  Arrow  3  shows  zooxanthellae  in  gastrodermis.  Although  not  reported  in  the  literature,  the  ABPAS 
stain  appears  to  differentially  stain  the  zooxanthellae  in  the  gastrodermis.  We  currently  do  not  know  the 
significance  of  this  finding,  however,  we  plan  to  incorporate  differential  zooxanthellae  staining  as  a 
variable  in  our  covariate  analyses.  Original  magnification=  400x. 

We  conducted  a  pilot  analysis  the  mucus  composition  of  M cavernosa  and  its  zooxanthellae  from 
Curacao.  The  mucus  carbohydrates  were  dominated  by  fucose  and  N-acetyl  glucosamine  (Table 
2),  and  appeared  to  contain  significant  quantities  of  the  alcohol  sugar  inositol,  which  had  not 
been  detected  in  mucus  before.  The  composition  was  very  different  from  the  profiles  previously 
described,  which  confirms  the  existence  of  species-specific  mucus  composition.  The 
carbohydrate  composition  of  a  Symbiodinium  /aboratory  culture  was  completely  different, 
indicating  a  significant  contribution  by  corals  to  the  excreted  carbon  fixed  by  zooxanthellae 

To  determine  the  influence  of  symbiotic  algal  communities  ( Symbiodinium  sp .)  on  bacterial 
communities,  Symbiodinium  communities  were  characterized  by  T-RFLP  analysis  of  28S  rRNA 
genes  and  sequencing  of  clone  libraries.  Furthermore,  the  6ljC  value,  and  C:N  ratio  of  coral 
tissues  was  used  to  determine  differences  in  the  relative  proportion  of  autotrophic 
{Symbiodinium)  versus  heterotrophic  modes  of  coral  nutrition  and  analyses  of  amino  acid  and 
monosaccharide  composition  were  used  to  determine  how  coral  mucus  varied  among  the 
sampled  coral  colonies.  The  6I5N  value  of  coral  tissue  was  used  to  quantify  the  relative  impact  of 
pollution  at  the  different  reef  sites.  Results  of  Spearman  rank  correlation  tests  among  the 
different  datasets  suggest  the  variation  observed  in  bacterial  community  structure  along  the 
sampled  gradients  is  primarily  controlled  by  the  external  environment,  including  anthropogenic 
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pollution,  with  little  influence  due  to  changes  in  the  composition  of  coral  mucus,  the  structure  of 
Symbiodinium  communities  or  changes  in  the  host  coral  physiologic  state. 


Carbohydrates 

Moniastrea 

annularis 

Symbiodinium 

culture 

Fungia  fungites 
(Meikle  et  al 

1988) 

Acropora  Formosa 
(Meikle  et  al  1988) 

inositol 

2.6 

24.6 

nd 

nd 

fucosc 

38 

0.5 

41 

2 

arabinosc 

l 

4.0 

2 

47 

rhamnosc 

0 

9.6 

nd 

nd 

galactose 

6.8 

10.6 

4 

2 

glucose 

12.4 

35.4 

3 

1 

Glucosamine 

2.6 

0 

nd 

nd 

xylose 

0.4 

8.9 

2 

nd 

N-acctyl  glucosamine 

34.9 

3.5 

22 

29 

N-acetyl  galactosamine 

0 

0 

7 

1 

mannose 

0.1 

0.2 

19 

18 

fructose 

0 

2.7 

nd 

nd 

Glucuronic  acid 

2.4 

0 

nd 

nd 

Table  2.  Comparison  of  chemical  composition  of  M.  annularis  mucus  (our  research  group)  with  mucus 
from  zooxanthellae  and  two  other  coral  species. 

Bacterial  communities  sampled  at  5,  10  and  20  m  at  three  sites  along  a  pollution  gradient  were 
characterized  by  T-RFLP  analysis  of  16S  rRNA  genes  for  bacteria  and  sequencing  of  clone 
libraries.  Analysis  of  T-RFLP  profiles  using  nomnetic  multidimensional  scaling  (NMDS),  and 
one-way  analysis  of  similarity  (ANOSIM)  indicate  distinct  differences  in  bacterial  community 
structure  with  depth.  By  comparing  T-RFLP  peaks  to  sequenced  clone  libraries  we  found  the 
black  band  disease  microbe  Phormidium  coralyticum  (GDI  Cl  1)  to  be  most  abundant  on  corals 
in  less  than  1 0  m  water  depth.  Similarly,  we  identified  sequences  belonging  to  a  putative  new 
division  (CAP-I)  that  is  also  more  common  in  shallow  water.  Differences  in  bacterial 
communities  at  polluted  and  control  localities  were  only  recognized  at  the  shallowest  water 
depth.  Bacterial  communities  of  the  most  polluted  localities  showed  very  little  similarity  among 
replicates  and  could  not  be  characterized  by  a  specific  microbial  fauna. 

An  extract  from  the  BBD  mat  was  found  to  have  toxic  effects  on  the  growth  and  viability  of  the 
symbiotic  dinoflagellate  Symbiodinium  sp.  Nonetheless,  neither  the  pellet  recovered  from  the 
extraction  nor  extracts  from  other  bacteria  have  such  an  effect,  suggesting  that  neither  LPS  nor 
membrane  proteins  are  involved  in  BBD  toxicity.  Moreover,  this  compound  has  a  molecular 
weight  lower  than  10,000  Da  and  is  heat  stable.  All  these  results  indicate  that  there  is  a  toxic 
compound  possibly  involved  in  the  mechanism  of  pathogenesis  of  BBD  in  corals.  Further  studies 
will  involve  the  isolation  and  characterization  of  such  compound. 

A  series  of  experiments  was  conducted  to  determine  the  role  of  cyanobacteria  in  the  etiology  of 
BBD.  We  established  that  small  3-5  mm  pieces  of  BBD  mat  could  be  transplanted  and  start  an 
infection  when  it  was  placed  on  a  healthy  coral  colony  using  sterile  syringe  needles.  BBD  mat 
pieces  were  also  placed  within  polyp  them  between  the  coral  ‘valleys’  of  D.  strigosa  where  they 
were  held  in  place  by  a  mesh  net  attached  to  fish  line,  which  allows  innolcution  withot  the  injury 
caused  by  the  syringe  needles.  In  all  cases,  both  with  and  without  the  needle,  the  area  where  the 
piece  of  BBD  was  placed  on  healthy  corals  became  the  site  of  full-scale  BBD  infection  within  2 
to  6  days.  The  surface  under  control  nets  remained  healthy  and  was  not  visibly  damaged.  To 
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investigate  the  coral  species  specificity  of  BBD  microbes,  we  performed  in  situ  infection 
experiments  by  collecting  BBD  mat  from  4  species  of  corals  and  using  these  to  infect  healthy 
specimens  of  the  same  4  species. 

To  investigate  a  possible  role  for  cyanobacteria!  ecotypes  in  infection,  we  studied  the  fine-scale 
sequence  heterogeneity  and  distribution  of  BBD  cyanobacteria.  To  this  end  we  focused  on  a 
fraction  of  the  rRNA  gene  spanning  the  3’  end  of  the  16S  and  the  full  internal  transcribed  spacer 
(rRNA-ITS).  ITS  sequences  are  known  to  be  more  heterogeneous  than  16S  sequences  and  thus 
have  a  higher  potential  to  discriminate  between  closely  related  organisms  or  ecotypes. 
Cyanobacteria-specific  primers  were  used  to  amplify  the  rRNA-ITS  and  TRFLP  profiles  were 
generated  with  7  four-basepair  recognizing  enzymes  (Alul,  Cfol,  Dpnll,  TaqI,  MspI,  Rsal  and 
Haelll).  Based  on  these  TRTLPs,  the  BBD  communities  infecting  the  different  cortals  were 
identical,  with  the  exception  of  the  seafan  BBD  which  showed  a  different  microbial  community 
composition.  These  findings  were  confirmed  by  using  denaturing  gradient  gel  electrophoresis 
(DGGE). 

Full  16S+ITS  sequences  showed  a  sequence  difference  between  clones  in  a  6  bp  rRNA-ITS 
sequence.  Based  on  this  sequence  difference  we  selected  an  enzyme  (Earl)  that  allowed 
differentiation  of  the  ecotypes.  Application  of  this  fine-scale  community  analysis  to  the  BBD 
mats  infecting  different  corals  revealed  that  one  ecotype  is  limited  to  D.  strigosa  and  C.  natans, 
as  well  as  M.  myandrina,  M.  annularis,  M.  faveolata  and  M.  cavernosa. 

To  move  beyond  merely  detecting  the  community  structure  of  microorganisms  that  are  present  in 
healthy  and  diseased  coral  samples,  we  made  an  effort  to  identify  the  active  members  of  the 
microbial  communities.  To  this  end,  we  extracted  RNA,  and  generated  and  amplified  the  cDNA 
from  several  samples.  BBD  mat  samples  yielded  abundant  cDNA  from  the  rRNA  gene  (crDNA). 
Since  the  crDNA  T-RFLP  profiles  were  very  similar  to  the  DNA  T-RFLP  profiles,  it  was 
concluded  that  the  microorganisms  that  comprise  the  major  part  of  the  BBD  community  are  also 
the  most  active  members  of  the  community. 

CONCLUSIONS  :  Our  work  provides  evidence  that  multiple  anthropogenic  bacteria  are 
associated  with  coral  BBD,  and  that  apparently  healthy  corals  in  sewage  impacted  areas  of  the 
Curacao  reef  tract  have  a  unique  microbial  communities  from  apparently  healthy  corals  in  less- 
impacted  sites  (see  below).  Our  data  suggests  that  bacteria  derived  from  human  sewage  and  ship 
bilge  are  compromising  the  mucus  that  coats  coral  tissue,  which  is  a  coral’s  primary  protective 
barrier  against  environmental  insults.  These  results  do  not  suggest  that  human  waste  is  the  source 
of  a  single  pathogen,  but  instead  that  the  activity  of  anthropogenic  mucolytic  bacteria  is 
associated  with  a  variety  of  possible  mechanisms  that  compromise  the  integrity  of  the  coral 
mucus.  This  mucus  alteration  predisposes  the  coral  to  what  may  be  a  polymicrobial  infection  that 
ultimately  results  in  BBD.  In  this  context,  the  actual  organisms  that  cause  disease  (the 
pathogens)  may  or  may  not  be  derived  from  sewage. 

SIGNI  FICANCE  :  The  US  Navy  can  use  the  results  of  this  study  to  monitor  the  effects  of 
harbor  and  near  shore  human  activity  on  the  health  of  coral  reef  ecosystems  surrounding  each  of 
its  bases.  Efforts  hould  move  forward  to  take  the  results  of  our  study  to  create  practical  microbial 
environmental  screening  tool  for  use  by  Naval  personnel  to  assess  reef  health  and  impact.  To 
permit  accurate  microbial  molecular  screens,  we  have  begun  to  develop  and  experiment  with 
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modified  protocols  for  fluorescent  in  situ  hybridization  developed  from  the  16S  rRNA  gene 
sequences  detected  in  our  study  (customized  in  our  lab  for  a  variety  of  taxonomic  levels),  that 
could  be  modified  into  standard  shipboard  or  shipyard  analyses.  Simultaneously,  we  have  been 
establishing  techniques  by  which  analysis  of  6lsO  and  635N  could  be  analyzed  in  water  samples 
to  track  the  source  and  concentration  of  sewage  pollution.  By  normalizing  the  isotopic  ratio  at 
each  measured  site  to  the  isotopic  ratio  of  samples  taken  from  the  putative  source  of  the 
pollution,  a  quantitative  measure  can  be  made  of  the  relative  concentration  of  sewage  in  the 
seawater  from  the  N-  and  O-isotope  covariation.  By  synthesizing  this  microbiological 
information  with  basic  analyses  of  seawater  sewage  and  ordinance-derived  chemicals,  a 
numerical  scale  could  be  established  to  define  thresholds  of  microbiological  and  chemical 
composition  that  could  be  used  to  identify  pristine,  at  risk,  and  heavily  impacted  coral  reef 
ecosystems. 

PATENT  INFORMATION  :  No  patents 

AWARD  INFORMATION  :  Fellow  in  the  University  of  Illinois  Center  for  Advanced  Study; 
Professor  in  the  University  of  Illinois  Institute  for  Genomic  Biology 

PUBLICATIONS  and  ABSTRACTS  (for  total  period  of  grant)  : 

1)  Klaus,  J.,  Janse,  I.,  Sandford,  R.,  and  Fouke,  B.W.,  2006.  Coral  microbial  communities, 
zooxanthellae,  and  mucus  along  gradients  of  seawater  depth  and  coastal  pollution. 
Environmental  Microbiology ,  submitted. 

2)  Klaus,  J.,  Budd,  A.,  and  Fouke,  B.W.,  2006.  Environmental  controls  on  corallite  morphology 
in  the  reef  coral  Montastrea  annularis.  Bulletin  of  Marine  Science,  submitted. 

3)  Janse,  1.,  Klaus,  J.,  Fouke,  B.W..  2006.  Characterization  and  host  specificity  of  the  microbial 
communities  associated  with  healthy  and  black  band  disease  infected  corals.  Environmental 
Microbiology,  submitted. 

4)  Frias-Lopez,  J.,  Klaus,  J.S.,  Fouke,  B.W.,  2006.  Cytoxic  activity  of  Black  Band  Disease 
(BBD)  extracts  against  the  symbiotic  dinoflagellate  Symbiodinium  sp..  Proceedings  of  the 
International  Coral  Reef  Symposium,  Okinawa,  p.  785-788. 

5)  Klaus,  J.S.,  Frias-Lopez,  J.,  Fouke,  B.W.,  2006.  The  effect  of  temperature  on  bacterial 
communities  inhabiting  healthy  tissues  of  Diploria  strigosa,  Proceedings  of  the  International 
Coral  Reef  Symposium,  Okinawa,  p.  794-799. 

6)  Klaus,  J.S.,  Frias-Lopez,  J.,  Bonheyo,  G.T.,  Heikoop,  J.M.,  and  Fouke,  B.W.,  2005,  Bacterial 
communities  inhabiting  the  healthy  tissues  of  two  Caribbean  reef  corals:  interspecific  and  spatial 
variation:  Coral  Reefs,  Vol.  24,  p.  129-137. 

7)  Frias-Lopez,  J.,  Klaus,  J.,  Bonheyo,  G.T.,  and  Fouke,  B.W.,  2004,  The  bacterial  community 
associated  with  black  band  disease  in  corals:  Applied  and  Environmental  Microbiology.  Vol.  70, 
p.  5055-5062. 


Paop  & 


8)  Frias-Lopez,  J.,  Bonheyo,  G.T.,  and  Fouke,  B.W.,  2004,  Identification  of  differential  gene 
expression  in  bacteria  associated  with  coral  black  band  disease  using  RNA-arbitrarily  primed 
PCR:  Applied  and  Environmental  Microbiology.  Vol.  70,  p.  3687-3694. 

9)  Frias-Lopez,  J.,  Bonheyo,  G.T.,  Jin,  Q.,  and  Fouke,  B.W.,  2003,  Cyanobacteria  associated 
with  coral  black  band  disease  in  Caribbean  and  Indo-Pacific  reefs:  Applied  and  Environmental 
Microbiology,  v.  69,  p.  2409-2413. 

10)  Frias-Lopez,  J.,  Zerkle,  A.L.,  Bonheyo,  G.T.,  and  Fouke,  B.W.,  2002,  Partitioning  of 
bacterial  communities  between  seawater  and  healthy,  black  band  diseased,  and  dead  coral 
surfaces.  Applied  and  Environmental  Microbiology >,  Vol.  68,  No.  5,  p.  2214-2228. 


PflCTP  Q 


Applied  and  Environmental  Microbiology,  May  2002,  p.  2214-2228 
0099-2240/02/504.00  +  0  DOI:  10. 11 28/ AEM. 68.5.22 14-2228.2002 


Vol.  68,  No.  5 


Partitioning  of  Bacterial  Communities  between  Seawater  and  Healthy, 
Black  Band  Diseased,  and  Dead  Coral  Surfaces 

Jorge  Frias-Lopez,  Aubrey  L.  Zerkle,  George  T.  Bonheyo,  and  Bruce  W.  Fouke* 

Department  of  Geology University  of  Illinois,  Urban  a,  Illinois  6 1 80 1 
Received  21  December  2001/Accepted  25  February  2002 

Distinct  partitioning  has  been  observed  in  the  composition  and  diversity  of  bacterial  communities  inhabiting 
the  surface  and  overlying  seawater  of  three  coral  species  infected  with  black  band  disease  (BBD)  on  the 
southern  Caribbean  island  of  Curasao,  Netherlands  Antilles.  PCR  amplification  and  sequencing  of  bacterial 
16S  rRNA  genes  (rDNA)  with  universally  conserved  primers  have  identified  over  524  unique  bacterial  se¬ 
quences  affiliated  with  12  bacterial  divisions.  The  molecular  sequences  exhibited  less  than  5%  similarity'  in 
bacterial  community  composition  between  seawater  and  the  healthy,  black  band  diseased,  and  dead  coral 
surfaces.  The  BBD  bacterial  mat  rapidly  migrates  across  and  kills  the  coral  tissue.  Clone  libraries  constructed 
from  the  BBD  mat  were  comprised  of  eight  bacterial  divisions  and  13%  unknowns.  Several  sequences  repre¬ 
senting  bacteria  previously  found  in  other  marine  and  terrestrial  organisms  (including  humans)  were  isolated 
from  the  infected  coral  surfaces,  including  Clostridium  spp.,  Arcobacler  spp.,  Campylobacter  spp.,  Cytophaga 
fermentans,  Cytophaga  columnar  is,  and  Trichodesmium  tenue. 


Infectious  disease  in  scleractinian  corals  has  emerged  as  one 
of  the  primary  causes  of  the  accelerating  global  destruction  of 
coral  reef  ecosystems  (22,  25,  27,  56,  74).  Black  band  disease 
(BBD)  is  one  of  the  most  widespread  and  destructive  of  these 
coral  infections  (see  review  in  reference  50).  The  diagnostic 
symptom  of  BBD  is  the  development  of  a  narrow  0.1-  to  7-cm- 
wide  ring-shaped  black  to  red  microbial  mat  that  migrates  from 
top  to  bottom  across  massive  coral  colonies,  killing  healthy 
coral  tissue  at  rates  of  as  much  as  1  cm  per  day  (47,  53).  BBD 
preferentially  affects  corals  such  as  Montastrea  annularis ,  Mon- 
tastrea  cavernosa ,  and  Diploria  strigosa  (6,  15,  53).  These  spe¬ 
cies,  known  as  framework  building  corals,  form  large  structures 
that  become  the  dominant  physical  elements  of  reefs.  As  a 
result,  coral  mortality  caused  by  BBD  is  a  potent  force  in 
restructuring  coral  reef  ecosystems  (15,  36). 

There  is  considerable  controversy  as  to  whether  BBD  is 
caused  by  physical  and  chemical  environmental  stresses  or  is  an 
infectious  disease  or  both  (50, 56).  However,  an  impediment  to 
determining  the  cause  of  BBD  has  been  the  lack  of  informa¬ 
tion  about  the  diversity  and  distribution  of  microbial  popula¬ 
tions  that  inhabit  normal  healthy  coral  tissue  and  the  BBD 
bacterial  mat.  It  is  known  from  studies  of  infectious  disease  in 
marine  and  terrestrial  invertebrates,  fish,  and  mammals  (in¬ 
cluding  humans)  that  pathogens  are  most  effectively  studied 
within  an  ecological  context  of  interactions  among  microbes, 
their  hosts,  and  the  environmental  conditions  in  which  they  live 
(25,  54).  Accurate  diagnosis  and  eventual  treatment  and  pre¬ 
vention  of  BBD  will  therefore  require  a  basic  knowledge  of  the 
composition  and  distribution  of  the  microbial  communities 
associated  with  healthy  as  well  as  diseased  organisms.  This  type 
of  community-based  comparative  analysis  of  the  microorgan¬ 
isms  associated  with  infectious  diseases  in  corals  has  not  pre¬ 
viously  been  completed. 
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The  purpose  of  the  present  report  was  to  complete  the  first 
culture-independent  16S  rRNA  phylogenetic  survey  of  the  bac¬ 
terial  communities  inhabiting  seawater  and  healthy,  BBD-in- 
fected,  and  dead  coral  surfaces.  The  coral  reef  chosen  for 
analysis  was  on  the  leeward  reef  tract  of  Curasao,  Netherlands 
Antilles  (Fig.  1).  A  factor  that  may  contribute  to  BBD  is  the 
daily  dumping  of  sewage  and  other  pollutants  directly  onto  the 
reef  from  the  major  commercial,  municipal,  and  military  har¬ 
bor  of  St.  Annabaai  (Fig.  1).  The  following  three  fundamental 
questions  have  been  addressed:  (i)  is  there  a  coral-specific 
microbial  population  that  is  different  from  that  of  the  bacte- 
rioplankton  community  in  the  overlying  seawater  column;  (ii) 
are  the  microbial  communities  comprising  the  BBD  mat  and 
the  dead  coral  surfaces  distinct  from  each  other;  and  (iii)  have 
sewage  microbes  colonized  the  diseased  coral,  as  might  be 
expected  if  sewage  microbes  were  contributing  to  the  disease 
process?  Results  are  presented  that  indicate  the  healthy  coral 
tissue  is  colonized  by  a  microbial  population  that  is  unique  and 
distinct  from  that  found  in  the  water  column  and  the  BBD  mat 
and  dead  coral  surfaces.  Also,  bacteria  associated  with  sewage 
were  detected  only  in  the  BBD  bacterial  mat. 

MATERIALS  AND  METHODS 

Field  work  and  sample  collection.  Field  sampling  using  siandard  scuba  tech¬ 
niques  was  conducted  in  August  2000  on  the  leeward  reef  tract  of  Curasao. 
Netherlands  Antilles  (Fig.  1).  Diseased  corals  were  studied  at  the  Playa  Kalki 
and  Water  Plant  sites  in  back  reef  environments  approximately  0.5  km  offshore 
(33).  These  included  BBD-infected  colonies  of  M.  annularis  (Fig.  2A  and  B)  and 
M.  cavernosa  (Fig.  2C  and  D)  at  Playa  Kalki  at  a  5-m  water  depth,  as  well  as  a 
colony  of  O.  strigosa  (Fig.  2E  and  F)  at  Water  Plant  at  a  4-m  water  depth.  Three 
individual  BBD-infected  coral  heads,  one  each  of  M.  annularis ,  M.  cavernosa,  and 
D.  strigosa,  were  analyzed.  From  each  coral  head,  four  individual  samples  were 
collected  in  situ  from  the  following  environments:  the  overlying  seawater,  the 
healthy  coral  surface,  the  black  band  diseased  coral  surface,  and  the  dead  coral 
surface.  Seawater  was  sampled  by  collecting  2  liters  of  seawater  in  cleaned  1  liter 
Nalgene  high-density  polyethylene  bottles  from  directly  above  the  coral  colonies. 
The  water  was  pumped  through  a  sterile  0.45-^m-filter-loaded  cup  (Pall/ 
Gelman)  when  brought  on  shore.  AJI  filters  and  centrifuge  tubes  were  then 
immediately  frozen  at  -20°C.  transported  to  Illinois  on  dry  ice.  and  stored  at 
-40  to  -80°C.  The  coral  surface  samples  were  collected  by  removing  a  2-cm  by 
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FIG.  1.  Map  of  Curasao,  Netherlands  Antilles,  in  the  southern  Caribbean  Sea.  The  regional  location  of  the  island  is  shown  with  an  arrow  on 
the  inset  map.  Study  sites  were  on  the  leeward  reef  tract  at  Water  Plant  and  Playa  Kalki.  Also  shown  is  the  location  of  the  St.  Annabaai  seaport. 


1-cm  portion  of  the  uppermost  1  cm  of  the  coral  colonies  with  a  chisel  and 
placing  the  sample  in  a  sterile  disposable  50-ml  polypropylene  centrifuge  tube. 
Furthermore,  portions  of  some  BBD  microbial  mats  were  physically  peeled  off 
the  coral  surface  with  forceps  and  placed  in  sterile  15-ml  polypropylene  centri¬ 
fuge  tubes.  Immediately  upon  the  return  to  shore,  the  seawater  within  each  tube 
was  decanted  and  coral  samples  were  immersed  in  either  of  the  following  solu¬ 
tions:  (i)  80%  ethanol  for  molecular  analyses  or  (ii)  Karnovsky's  aldehyde  fixative 
(2.0%  paraformaldehyde  and  2.5%  glutaraldehyde  in  0.1  M  sodium  phosphate 
buffer  [pH  7.2])  for  scanning  electron  microscopy  (SEM)  analyses.  Cora!  samples 
preserved  in  80%  ethanol  were  crushed  and  homogenized  in  the  tube,  creating 
a  slurry  of  coral  tissue,  zooxanthellae,  mucus,  microorganisms,  and  skeletal 
material. 

SEM  analyses.  The  Karnovsky’s  aldehyde  fixative  was  removed  and  replaced 
with  buffered  0.1  M  sodium  phosphate  (pH  7.2).  The  samples  were  dehydrated 
by  stepwise  immersion  in  33.  67,  and  95%  ethanol  for  1  h  each  and  in  100% 
ethanol  for  3  h.  The  ethanol  was  then  removed  and  the  samples  were  soaked  in 
hexamethyldisilazane  for  2  h,  after  which  they  were  air  dried  in  a  laminar  flow 
hood  and  placed  in  a  desiccator.  Small  0.25-cm-diameter  pieces  of  each  specimen 
were  mounted  on  a  2-cm-diameter  aluminum  stub  using  double-stick  carbon 
tabs.  Samples  were  grounded  with  colloidal  silver  paint  and  covered  with  a  90-  to 
100-nm-thick  gold-palladium  coating  using  a  Denton  Desk  II  Turbo  sputter 
coater.  Imaging  was  done  on  a  Phillips  XJL30  ESEM-FEG  apparatus,  which  is 
housed  at  the  University  of  Illinois  Urbana-Champaign  Beckman  Institute,  in 
high-vacuum  mode  with  an  accelerating  voltage  of  15  kV. 

DNA  extraction.  Several  methods  of  DNA  extraction  were  utilized  with  each 
sample  to  increase  the  likelihood  that  no  microorganism  would  escape  detection. 
Filters  were  sectioned  into  quarters  with  flame-sterilized  scissors  and  forceps  and 
placed  in  a  sterile  disposable  50-ml  polypropylene  centrifuge  tube  with  3  ml  of 
sterile  ultrapure  water.  Cells  were  then  washed  off  the  filter  during  3  min  of 
vigorous  agitation  on  a  vortexing  apparatus  and  stored  frozen  at  -80°C. 

Bead  beating  (32),  freeze-thaw  cycling,  and  chemical  lysis  protocols  (55)  were 
used  to  extract  genomic  DNA  from  the  cells  collected  on  the  filters,  the  crushed 
coral  slurries,  and  the  BBD  mat  samples.  For  bead  beating,  300  |xl  of  sample 
material  was  added  to  a  2-ml  O-ring-equipped  screw-cap  microcentrifuge  tube 
containing  600  pi  of  sterile  ultrapure  water  and  800  pi  of  0.1-mm  zirconia-silica 
beads  (BioSpec  Products,  Bartlesville.  Okla.).  The  beads  were  cleaned  and  ster¬ 
ilized  beforehand  with  a  series  of  HC1  acid  and  bleach  washes.  The  tube  was  then 
filled  to  capacity  with  sterile  ultrapure  water  and  shaken  on  a  reciprocating 
Mini-BeadBeater-8  (BioSpec  Products)  for  2.5  min  at  the  homogenize  (highest) 
speed  setting.  This  protocol  has  been  optimized  by  using  several  samples  and 
Escherichia  co/r-positive  controls.  For  the  freeze-thaw  procedure,  samples  were 
added  to  sterile  2-ml  O-ring-equipped  screw-cap  microcentrifuge  tubes  contain¬ 
ing  1  ml  of  sterile  ultrapure  water.  The  tubes  were  frozen  at  -80°C  and  rapidly 
thawed  by  plunging  the  tubes  into  a  65°C  water  bath.  The  freeze-thaw  cycle  was 


repeated  three  limes,  with  the  tubes  vigorously  agitated  on  a  vortex  apparatus  for 
approximately  1  min  after  each  thaw  cycle.  In  some  instances,  samples  w'ere 
treated  with  an  alkaline  lysis  step  by  using  NaOH  (0.13  M  final  concentration), 
sodium  dodecyl  sulfate  (SDS;  0.3%)  and  incubation  at  25°C  (55). 

For  both  the  bead  beating  and  freeze-thaw  techniques,  400  pi  of  the  lysate  was 
used  for  DNA  extraction.  Standard  phenol  DNA  extraction  procedures  were 
used  (55).  The  ethanol-precipitated  lysate,  phenol-extracted  lysate,  and  un¬ 
treated  lysate  were  used  in  subsequent  PCRs.  This  entire  protocol  was  tested 
with  300  pi  of  the  sterile  ultrapure  water  as  both  a  negative  control  and  con¬ 
tamination  screen  and  with  50  pi  of  an  overnight  Luria  broth  E.  coli  culture  as 
a  positive  control.  The  control  preparations  were  included  with  their  simulta¬ 
neously  prepared  environmental  samples  each  time  a  PCR  was  performed.  In  no 
case  were  nucleic  acids  detected  in  the  negative  controls. 

PCR  amplification.  Total  DNA  was  amplified  with  a  Mastercycler  gradient 
thermocycler  (Eppendorf,  Westbury.  N.Y.)  by  PCR  using  specific  16S  rRNA 
primers  for  bacteria.  Primers  used  in  the  PCR  amplifications  were  obtained  from 
Operon  Technologies,  Inc.  (Alameda.  Calif.).  B.  Paster  (personal  communica¬ 
tion)  provided  the  sequence  of  each  primer  as  follows:  forward  primer.  28F 
(5 '-G AGTTTGATYMTGGCTC);  reverse  primer,  1492R  (5'-GYTACCTTGTT 
ACGACTT).  Reaction  mixtures  included  a  final  concentration  of  1  x  TaqMaster 
buffer  (Eppendorf),  1.5  mM  MgCL  (Eppendorf).  a  0.2  mM  concentration  of 
each  deoxynucleoside  triphosphate  (Gibco/BRL,  Rockville,  Md.),  200  ng  each  of 
the  forward  and  reverse  primers.  5  to  30  pi  of  the  sample  preparation,  and  water 
to  bring  the  total  volume  to  49.5  or  99.5  pi.  Reaction  mixtures  were  layered 
beneath  50  pi  of  mineral  oil  (Sigma.  St.  Louis.  Mo.).  An  initial  denaturation-hot 
start  of  5  min  at  95°C  was  followed  by  the  addition  of  0.5  pi  (approximately  2  U) 
of  MasterTaq  polymerase  (Eppendorf)  or  Taq  DNA  polymerase  (Gibco/BRL). 
The  hot  start  w;as  followed  by  30  cycles  of  the  following  incubation  pattern:  94°C 
for  1  min,  55°C  for  1  min.  and  72°C  for  2  min.  A  final  soak  at  72°C  for  5  min 
concluded  the  reaction. 

Clouiug  and  sequencing.  PCR  products  were  purified  by  electrophoresis 
through  a  1.0%  low-melting-point  agarose  gel  (SeaPlaque  GTG;  BioWhittaker 
Molecular  Applications.  Rockland,  Maine),  stained  with  ethidium  bromide,  and 
visualized  on  a  UV  transilluminator.  The  approximately  1,500-bp  heterologous 
ribosomal  DNA  (rDNA)  product  was  excised  from  the  gel,  and  the  DNA  was 
purified  from  the  gel  slice  by  using  the  Wizard  PCR  Prep  kit  (Promega.  Madison, 
Wis.).  The  gel-purified  PCR  product  was  cloned  into  the  pGEM-T  Easy  vector 
(Promega)  and  transformed  into  calcium  chloride-competent  DH5aMCR  E.  coli 
cells  according  to  manufacturers’  instructions  and  standard  techniques  (55). 
Plasmid  DNA  was  isolated  from  individual  clones  (QIAprep  Spin  Miniprep  kit; 
Qiagen,  Inc.,  Valencia,  Calif.).  Restriction  fragment  length  polymorphism 
(RFLP)  analysis  was  used  in  some  samples  to  verily  the  presence  of  an  appro¬ 
priately  sized  insert  and  to  select  unique  clones  for  sequencing.  Aliquots  from  a 
subset  of  the  samples  of  purified  plasmid  DNA  were  digested  with  1  U  of  the 


FIG.  2.  Underwater  photographs  of  BBD  infection  in  colonies  of  M.  annularis  (panels  A  and  B),  M.  cavernosa  (panels  C  and  D),  and  D.  sirigosa 
(panels  E  and  F).  (G)  SEM  image  of  healthy  tissue  from  the  infected  colony  of  D.  strigosa  shown  in  panels  E  and  F.  (H)  SEM  image  of  the  BBD 
mat  from  the  infected  colony  of  D.  sirigosa  shown  in  panels  E  and  F. 
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restriction  enzyme  /fcuRI  in  1  x  REact  3  buffer  (Gibco/BRL)  for  more  than  3  h 
at  37°C,  and  the  digested  product  was  separated  by  electrophoresis  on  a  0.8% 
agarose  gel  (SeaKem  LE;  BioWhittaker  Molecular  Applications).  After  staining 
with  ethidium  bromide,  the  bands  were  visualized  on  a  UV  transilluminator  and 
the  RFLP  patterns  were  analyzed  to  select  clones  containing  the  appropriately 
sized  insert.  Plasmid  DNA  from  these  clones  was  then  digested  with  the  four- 
base  recognition  site  enzymes  Msp\  and  HinPU  in  lx  NEB  buffer  2  (New 
England  Biolabs,  Beverly,  Mass.)  under  the  conditions  described  above.  The 
digest  products  were  then  separated  by  electrophoresis  on  a  3.0%  agarose  gel 
(MetaPhor;  BioWhittaker  Molecular  Applications)  and  stained  with  ethidium 
bromide,  and  the  RFLP  patterns  were  used  to  identify  unique  clones  to  be 
submitted  for  sequence  analysis.  Multiple  samples  with  seemingly  identical 
RFLP  patterns  were  selected  for  sequence  analysis  in  an  effort  to  capture  dif¬ 
ferent  sequences  with  similar  RFLP  patterns.  Clones  selected  for  sequence 
analysis  were  patched  onto  Luria  broth  agar  petri  dishes  supplemented  with  100 
*ig  of  ampicillin/ml  (Roche  Molecular  Biochemicals.  Indianapolis.  Ind.)  and 
incubated  overnight  at  37°C. 

Inoculation,  cell  culturing,  template  preparation,  and  sequencing  were  per¬ 
formed  in  the  high-throughput  laboratory  of  the  W.  M.  Keck  Center  for  Com¬ 
parative  and  Functional  Genomics  of  the  University  of  Illinois  at  Urbana-Cham- 
paign.  The  plates  were  used  to  inoculate  2-ml  96-well  culture  blocks  containing 
Circle  Grow  medium  (BiolOO)  supplemented  with  ampicillin  (100  jxm/ml).  Plas¬ 
mid  template  DNA  was  purified  from  the  cultures  by  using  an  automated  system 
and  a  QIAwell  96  Turbo  Prep  BioRobol  kit  (Qiagen).  Sequencing  was  completed 
by  using  T7(“26)  primer,  which  was  synthesized  in  house  (63).  Sequence  reac¬ 
tions  were  performed  on  the  plasmid  templates  by  using  a  Qiagen  Bio  Robot 
9600  and  Big  Dye  Terminator  chemistry  apparatus  (v.2.0)  from  ABI.  Sequencing 
was  performed  on  an  ABI  3700  capillary  sequencer,  and  then  the  results  were 
processed  in  the  Bioinformatics  Unit  of  the  W.  M.  Keck  Center. 

Sequence  analyses.  The  rDNA  sequences  were  first  compared  with  those  in 
the  GenBank  database  with  the  basic  local  alignment  search  tool  (BLAST) 
network  service  (4).  From  the  alignments  created  by  this  search,  the  orientation 
of  each  cloned  16S  rRNA  gene  could  be  determined  and  a  rough  phylogenetic 
association  was  established.  Each  sequence  was  analyzed  using  the  CHIMERA 
CFfECK  program  (version  2.7)  available  at  the  Ribosomal  Database  Project 
w-eb  site  (39).  Those  sequences  deemed  to  be  chimeric  were  culled  from  the  data 
set.  A  97  to  100%  match  of  the  unknown  clone  with  the  GenBank  dataset  was 
considered  an  accurate  identification  to  the  species  level.  93  to  96%  similarity 
was  accepted  as  a  genus-level  identification,  and  a  86  to  92%  match  was  consid¬ 
ered  an  accurate  identification  of  a  related  organism  (21). 

Nucleotide  sequence  accession  numbers.  The  GenBank  accession  numbers  for 
the  16S  rRNA  sequences  generated  in  this  study  are  AY037873  through 
AY038581  and  AF441866  through  AF442078. 

RESULTS 

Optical  and  SEM  analyses.  Visual  assessment  of  the  surface 
of  infected  A7.  annularis ,  AT  cavernosa,  and  D.  strigosa  colonies 
indicate  that  healthy  coral  tissues  contain  microbes  with  dif¬ 
ferent  morphologies  than  those  of  the  microbes  inhabiting  the 
BBD  microbial  mats.  Bacteria  inhabiting  healthy  coral  tissue 
occurred  within  a  stringy  exopolymer  matrix.  In  contrast,  the 
BBD  mat  is  dominated  by  large  (2-  to  5-|xm  by  0.5-  to  2-mm) 
filamentous  nonheterocystous  cyanobacteria  that  have  previ¬ 
ously  been  optically  identified  as  Phormidium  corallyticum  (52). 
A  smaller  filamentous  bacterium  that  has  previously  been  op¬ 
tically  identified  as  a  member  of  the  Beggiatoa  spp.  (14,  53) 
occurs  intertwined  with  P.  corallyticum.  Rare  0.5-mm-diameter 
bundles  of  P.  corallyticum  and  Beggiatoa  spp.  were  sometimes 
observed  on  healthy  coral  tissue  within  a  few  centimeters  of  the 
leading  edge  of  the  migrating  BBD  mat,  which  is  consistent 
with  previous  observations  (48). 

16S  rRNA  clone  library  diversity.  High-diversity  assem¬ 
blages  of  bacterial  sequences  were  detected  in  seawater  and 
healthy,  BBD-infected,  and  dead  coral  surfaces  in  AT  annularis , 
AT  cavernosa ,  and  D.  strigosa  colonies  (Tables  1,  2,  and  3, 
respectively).  A  total  of  295  partial  16S  rRNA  gene  sequences 
were  identified:  65  bacterial  sequences  in  seawater  directly 
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overlying  the  coral  colonies  and  a  total  of  230  sequences  from 
healthy  (64  sequences),  BBD-infected  (64  sequences),  and 
dead  (102  sequences)  coral  surfaces.  Microorganism  identifi¬ 
cations  were  based  on  comparison  of  these  sequences  with  the 
GenBank  database.  Division-level  microbial  diversity  in  each 
sample  was  estimated  by  dividing  the  number  of  clones  repre¬ 
senting  each  division  by  the  total  number  of  clones  in  the 
seawater  and  healthy,  BBD  diseased,  and  dead  coral  surface 
libraries  associated  with  AT.  annularis ,  AT.  cavernosa ,  and  D. 
strigosa  (shown  as  pie  diagrams  in  Fig.  3, 4,  and  5,  respectively). 

Microbial  communities  inhabiting  overlying  seawater.  Bac- 
terioplankton  clone  libraries  were  constructed  from  samples  of 
seawater  collected  at  10  cm  immediately  above  the  surfaces  of 
BBD-infected  AT.  annularis ,  AT.  cavernosa ,  and  D.  strigosa  col¬ 
onies  (Fig.  3A,  4A,  and  5A,  respectively).  The  most  abundant 
sequences  in  the  seawater  clone  libraries  at  both  locations 
represented  cyanobacteria  (30  to  43%).  The  next  most  abun¬ 
dant  clones  in  the  seawater  libraries  represented  the  y-pro- 
teobacteria  (6  to  38%)  and  a-proteobacteria  (6  to  31%)  divi¬ 
sions.  Chloroplast  sequences,  which  comprised  3  to  8%  of  the 
libraries,  were  likely  derived  from  the  rDNA  of  chlorophyll- 
containing  organelles  in  planktonic  algae  and  free-living  zoox- 
anthellae  just  above  the  coral  colony  surfaces  (45).  Only  two 
sequences  were  common  to  all  three  seawater  clone  libraries: 
those  which  represented  the  genera  Prochlorococcus  and  Syn- 
echococcus  (Tables  1,  2,  and  3). 

Microbial  communities  inhabiting  healthy  coral  tissue. 
Clone  libraries  from  healthy  tissues  indicated  that  each  of  the 
three  coral  species  contained  a  significantly  different  assem¬ 
blage  of  bacterial  sequences  (Fig.  3B,  4B,  and  5B).  A  maximum 
of  only  5%  of  the  sequences  were  representative  of  cyanobac¬ 
teria,  in  contrast  to  the  dominance  of  cyanobacteria  sequences 
in  the  overlying  seawater  clone  libraries  (Fig.  3A  and  B,  4A 
and  B,  and  5A  and  B).  Chloroplasts  in  these  libraries  were 
most  likely  derived  from  zooxanthellae  inhabiting  the  coral 
tissues.  AT.  annularis  sequences  (Fig.  3B)  exhibited  significantly 
more  microbial  diversity  than  those  of  either  AT.  cavernosa  or 
D.  strigosa.  (Fig.  4B  and  5B,  respectively)  and  were  dominated 
by  green  sulfur  bacteria  (19%),  a-proteobacteria  (16%),  firmi- 
cutes  (16%),  and  planctomycetales  (13%).  Healthy  tissue  li¬ 
braries  from  AT.  cavernosa  and  D.  strigosa  contained  sequences 
representing  only  three  and  five  divisions,  respectively,  both  of 
which  were  dominated  by  y-proteobacteria  (62  to  81%).  None 
of  the  same  bacterial  sequences  were  detected  in  all  three  of 
the  healthy  coral  species  (Tables  1,  2,  and  3). 

Microbial  communities  inhabiting  the  BBD  microbial  mat 
Clone  libraries  constructed  from  the  BBD  microbial  mat  on  AT. 
annularis ,  AT.  cavernosa ,  and  D.  strigosa  colonies  consistently 
exhibit  high  division-level  diversity  (Fig.  3C,  4C,  and  5C,  re¬ 
spectively).  Sequences  were  dominated  by  firmicutes  (5  to 
26%),  Cytophaga-Flavobacterium-Bacteroides  group  (CFB)  (9 
to  29%),  y-proteobacteria  (17  to  35%),  and  8-proteobacteria 
(2  to  15%).  The  chloroplasts  (4  to  7%)  were  most  likely  de¬ 
rived  from  coral  zooxanthellae.  These  results  indicate  that  the 
BBD  microbial  communities  are  completely  distinct  from 
those  inhabiting  healthy  coral  tissue,  sharing  no  common  16S 
rRNA  sequences  on  any  individual  coral  colony  (Tables  1,  2, 
and  3).  These  clone  libraries  also  confirm  that  the  BBD  mats 
contain  significantly  more  microbial  diversity  than  that  sug¬ 
gested  by  optical  analyses  (Fig.  2D).  Sequences  representing 
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TABLE  1.  16S  rRNA  sequencing  results  for  Montastrea  annularis  from  the  back  reef  at  Playa  Kalki" 


ID% 

No.  of 
similar 
clones 

No.  of 
base  pairs 
sequenced 

Best-matched  organism 

Accession  no. 

Division 

Location  of  clone'1 

sw 

HC 

BBD  DC 

98-99 

3 

389 

Uncultured  marine  bacterium  ZD0409 

AJ400350 

a-Proteobacteria 

X 

93-97 

3 

450 

Uncultured  bacterium  OCS  126 

AF001638 

a-Proteobacteria 

X 

99 

1 

594 

Marine  bacterioplankton  clone  SAR102 

L35460 

a-Proteobacteria 

X 

91 

1 

568 

Magnetospirillum  sp.  strain  MSM-6 

Y 17391 

a-Proieobacteria 

X 

90 

1 

571 

Uncultured  bacterium  MND8 

AF292999 

a-Proteobacteria 

X 

99 

1 

622 

Uncultured  Roseobacter  sp.  strain  NACll-1 

AJF245630 

a-Proteobacteria 

X 

98 

1 

283 

Unidentified  alpha  proteobacterium 

U78945 

a-Proteobacteria 

X 

99 

3 

483 

Pseudoalteromonas  sp.  strain  A28 

AE227238 

7-Proteobacteria 

X 

94-96 

3 

601 

Uncultured  marine  eubacterium  HstpL49 

AF159675 

7-Proteobacteria 

X 

99 

2 

567 

Pseudoalteromonas  sp.  strain  PRLIST2 

Y 15323 

7-Proteobacteria 

X 

97 

1 

567 

Aheromonas  macleodii  strain  CH-518 

Y 18232 

7-Proteobacteria 

X 

95 

1 

640 

Uncultured  bacterium  CHAB-I-7 

AJ240911 

7-Proteobacteria 

X 

99 

6 

589 

Prochlorococcus  sp.  strain  MIT9202 

AF 115269 

Cyanobacteria 

X 

99 

2 

597 

Prochlorococcus  sp.  strain  MIT9312 

AF053398 

Cyanobacteria 

X 

98 

2 

605 

Marine  bacterioplankton  clone  SAR7 

X52171 

Cyanobacteria 

X 

99 

1 

480 

Prochlorococcus  marinus  subsp.  pastoris 

API  80967 

Cyanobacteria 

X 

97 

1 

406 

Synechococcus  sp.  strain  WR8101 

AJ292905 

Cyanobacteria 

X 

91 

1 

621 

Cytophaga  sp.  strain  JTB250 

ABO  15 264 

CFB 

X 

96 

1 

619 

Unidentified  eukaryote  OM8  1 

U70717 

Chloroplasts 

X 

94 

1 

542 

Magnetite-containing  magnetic  Vibrio  sp. 

L06455 

a-Proteobacteria 

X 

94 

1 

432 

Magnetospirillum  sp.  strain  MSM-6 

Y 1 739 1 

a-Proteobacteria 

X 

95 

2 

302 

Rhodothalassium  salexigens 

M59070 

a-Proleobacteria 

X 

95 

2 

285 

Unknown  proteobacterium  clone  JAP553 

U09830 

a-Proteobacteria 

X 

X 

98-99 

3 

337 

Uncultured  bacterium  SUR-FREE-32 

API  14653 

a-Proteobacteria 

X 

X 

98 

1 

340 

Uncultured  bacterium  BURTON-9 

AP142829 

a-Proteobacteria 

X 

96 

J 

594 

Unidentified  bacterium  isolate  FINSS21 

Z88572 

a-Proteobacteria 

X 

92-95 

2 

516 

Unidentified  alpha  proteobacterium  OM65 

U 70682 

a-Proteobacteria 

X 

X 

98 

1 

443 

Unidentified  beta  proteobacterium 

ABO  15567 

(3-Proteobacteria 

X 

94 

1 

609 

Uncultured  bacterium  S2551 

API  77428 

8-Proteobacteria 

X 

90-92 

3 

382 

Agricultural  soil  bacterium  clone  SC-1-15 

AJ252618 

8-Proteobacteria 

X 

94 

1 

587 

Legionella  feeleii  sgp2  (ATCC  35849) 

X73406 

7-Proteobacteria 

X 

94 

1 

595 

Legionella  londiniensis 

API  29525 

7-Proteobacteria 

X 

90 

1 

321 

Unidentified  eubacterium,  clone  LRE18 

AJ 23 28 79 

7-Proteobacteria 

X 

92 

1 

310 

Ornithodoros  moubata  symbiote  A 

AB001521 

7-Proteobacteria 

X 

89 

l 

563 

Uncultured  bacterium  strain  JTB256 

ABO  15255 

7-Proteobacteria 

X 

94-95 

11 

548 

Chlorobiurn  vibrioforme 

Y 10648 

Green  sulfur  bacteria 

X 

91 

1 

609 

Planctomyces  brasiliensis 

X85247 

Planctomycetales 

X 

86 

2 

648 

Uncultured  bacterium  ACE-29 

API  42804 

Planctomycetales 

X 

X 

94 

1 

566 

Uncultured  marine  eubacterium  HstpL64 

AF159640 

Planctomycetales 

X 

90 

1 

297 

Bacterium  2-400  C2.5 

Z77532 

Planctomycetales 

X 

95 

1 

448 

Uncultured  bacterium  03  19-7F4 

AF234144 

Planctomycetales 

X 

88 

1 

509 

Unidentified  bacterium,  strain  BD2-16 

AB015544 

Unknown 

X 

89 

2 

607 

Uncultured  bacterium  ACE-29 

AF  142804 

Planctomycetales 

X 

X 

91 

1 

446 

Thermophilic  bacterium  MV  1087 

AJ272422 

Firmicutes 

X 

90 

1 

610 

Clostndi  um  a  Idrichi  i 

X71846 

Firmicutes 

X 

87 

2 

497 

Moorella  thermoacetica 

AJ 24 2494 

Firmicutes 

X 

X 

91 

1 

325 

Unidentified  eubacterium  clone  BSV72 

AJ  2292 16 

Firmicutes 

X 

89-91 

3 

559-613 

Unidentified  soil  bacterium  clone  BSV73 

AJ 2292 17 

Firmicutes 

X 

91 

1 

223 

Dietzia  sp.  strain  C1P 104293 

Y08313 

Firmicutes 

X 

90 

1 

564 

Cytophaga  diffluens 

M58765 

CFB 

X 

96 

1 

365 

Leptolyngbya  sp.  strain  PCC7375 

AB03901 1 

Cyanobacteria 

X 

89-92 

2 

398 

Mesostigma  viride 

L49152 

Chloroplasts 

X 

86 

1 

500 

Astasia  longa 

AJ 29 4 7 25 

Chloroplasts 

X 

92 

1 

326 

Codium  fragile 

U08345 

Chloroplasts 

X 

84 

1 

307 

Prototheca  wickerhamii 

AJ 245645 

Chloroplasts 

X 

99 

1 

417 

Rape  rhizosphere  bacterium  tsb088 

AJ295458 

Unknown 

X 

96 

1 

462 

Uncultured  sponge  symbiont  PAWS51 

AF 186441 

Unknown 

X 

86 

1 

453 

Unidentified  bacterium,  strain  BD2-3 

ABO  15533 

Unknown 

X 

96-97 

3 

501 

Desulfovibrio  salexigens 

M 34401 

5-Proteobacteria 

X 

97 

1 

617 

Unidentified  bacterium  isolate  Aspo3 

X95231 

8-Proteobacteria 

X 

93 

1 

502 

Uncultured  epsilon  proteobacterium 

AF235116 

e-Proteobacteria 

X 

KTcll60 

92 

1 

644 

Uncultured  epsilon  proteobacterium  1065 

AB030598 

£-Proteobacteria 

X 

92 

1 

589 

Uncultured  epsilon  proteobacterium 

AP246706 

£-Proteobacteria 

X 

92 

1 

604 

Arcobacter  sp.  clone  Dial 

AJ271654 

e-Proteobacteria 

X 

Continued  on  following  page 


Vol.  68,  2002 


PARTITIONING  OF  BACTERIAL  COMMUNITIES  2219 


TABLE  1 — Continued 


ID% 

No.  of 
similar 
clones 

No.  of 
base  pairs 
sequenced 

Best-malched  organism 

Accession  no. 

Division 

Location  of  clone'’ 

SW  HC  BBD 

DC 

91-94 

7 

551 

Cyiophaga  fermentans 

M58766 

CFB 

X 

X 

92-93 

3 

430 

Uncultured  Cytophaga  kps30 

AF195441 

CFB 

X 

92 

1 

601 

Cyiophaga  sp.  strain  BD1-16 

AB015525 

CFB 

X 

93 

1 

595 

Tnchodesmium  tenue 

AP0 13029 

Cyanobacteria 

X 

92 

3 

441 

Bacterium  strain  77003 

AF227847 

Unknown 

X 

91 

1 

594 

Clostiidium  fimetarium 

AF 126687 

Firmicutes 

X 

91 

1 

637 

Clostridium  paradoxum  clone  para 99 

Z69939 

Firmicutes 

X 

89 

1 

349 

Uncultured  marine  bacterium  90dl0 

AE295117 

Firmicutes 

X 

90-91 

2 

487 

Guillardia  theta 

AF041468 

Chloroplasts 

X 

87 

1 

318 

Unidentified  eubacterium  clone  BSV85 

AJ229229 

Unknown 

X 

97 

1 

496 

Roseobacter  sp.  (P.  decipiens  symbiont) 

AF107210 

a-Proteobacteria 

X 

96 

1 

568 

Roseobacter  sp.  (P.  filiformis  symbiont) 

AF107209 

a-Proteobacteria 

X 

95 

1 

626 

Sulfuobacter  pontiacus 

AF1S2018 

a-Proteobacteria 

X 

96 

1 

507 

Uncultured  Agrobacterium  sp.  strain  kpcl02rc 

AF  194391 

a-Proteobacteria 

X 

99 

1 

515 

Uncultured  marine  eubacterium  HstpL78 

AF  159652 

a-Proteobacteria 

X 

86-93 

9 

454 

Desulfocella  halophila 

AP022936 

&-Proteobacteria 

X 

96-98 

4 

487 

Desulforhopalus  singaporensis 

AF11S453 

8-Proteobacteria 

X 

97-98 

4 

549 

Dcsulfobotulus  sp.  strain  BG14 

U85470 

8-Proteobacteria 

X 

91 

2 

483 

Desulfofrigus  fragile 

AF099065 

5-Proteobacteria 

X 

98 

1 

524 

Desulfobacterium  catecholicum 

AJ237602 

8-Proteobacteria 

X 

94 

1 

218 

Uncultured  bacterium  ODPB-B3 

AF  121088 

8-Proteobacteria 

X 

94 

1 

612 

Unidentified  bacterium  clone  NBI-k 

ABO  13832 

5-Proteobacteria 

X 

91 

1 

587 

Plesiomonas  shigelloides 

X60418 

7-Proteobacteria 

X 

93 

1 

583 

Uncultured  bacterium  strain  BD1-7 

AB015519 

7-Proteobacteria 

X 

92 

1 

564 

Pseudoalieromonas  sp.  strain  A25 

AF227237 

7-Proteobacteria 

X 

98 

I 

652 

Vibrio  alginolyticus  (ATCC  17749T) 

X56576 

7-Proteobacteria 

X 

89 

1 

582 

Unidentified  bacterium,  clone  NBl-o 

ABO  13836 

7-Proteobacteria 

X 

94 

1 

398 

Uncultured  bacterium  adhufec29.25 

AF  153855 

7-Proteobacteria 

X 

91 

1 

571 

Cytophaga  sp.  strain  JTB244 

ABO  15262 

CFB 

X 

86 

1 

325 

Flcxibacter  tractuosus 

M58789 

CFB 

X 

94 

1 

487 

Microsciila  furvescens 

M58792 

CFB 

X 

91 

1 

331 

Psyc tiros erpe ns  burtonensis  ACAM188 

U62913 

CFB 

X 

96 

1 

503 

Uncultured  bacterium  KC305 

AB0225 1 3 

CFB 

X 

92 

1 

589 

Uncultured  cytophagales  QSSC9L-1 

AF  170779 

CFB 

X 

96 

1 

602 

Clostridium  halophilum  DSM  5387 

X77837 

Firmicutes 

X 

89 

1 

411 

Uncultured  soil  bacterium  clone  K20-71 

AF  145861 

Firmicutes 

X 

87 

1 

415 

Uncultured  bacterium  Sva0855 

AJ 240981 

Firmicutes 

X 

87 

1 

566 

Uncultured  eubacterium  clone  vadinBB35 

U81761 

Unknown 

X 

a  Listed  are  the  percent  identities  (ID%)  to  previously  identified  sequences,  the  numbers  of  similar  clones,  the  numbers  of  base  pairs  sequenced  (bp),  and  the 
accession  numbers  and  divisions  of  the  best  s-matched  organism  in  GenBank. 

f>  x  signs  indicate  whether  the  clone  occurred  in  the  overlying  seawater  (SW),  healthy  coral  tissues  (HC).  black  band  diseased  coral  tissue  (BBD).  or  dead  coral 
skeleton  surfaces  (DC). 


Desulfovibrio  and  the  associated  genus  Desulfobotulus  were 
detected  in  clone  libraries  from  all  three  coral  species  (Tables 
1,  2,  and  3).  Sequences  associated  with  Tnchodesmium  and 
Clostridium  occurred  in  BBD  mat  clone  libraries  from  M.  an¬ 
nularis  and  D.  strigosa  (Tables  1  and  3,  respectively). 

Microbial  communities  inhabiting  dead  coral  surfaces. 
Clone  libraries  from  dead  surfaces  of  the  M.  annularis ,  M 
cavernosa ,  and  D.  strigosa  colonies  also  contained  a  high  diver¬ 
sity  of  sequences,  representing  6  to  9  microbial  divisions  (Fig. 
3D,  4D.  and  5D,  respectively).  However,  the  relative  propor¬ 
tions  of  sequences  representing  each  division  varied  signifi¬ 
cantly  between  species.  In  general,  clone  libraries  were  domi¬ 
nated  by  S-proteobacteria  (0  to  42%),  a-proteobacteria  (5  to 
17%),  7-proteobacteria  (0  to  28%),  and  CFB  (0  to  17%). 
Sequences  detected  on  dead  coral  surfaces  were  95%  distinct 
from  those  detected  in  the  overlying  seawater,  healthy  coral 
tissues,  and  the  BBD  microbial  mats. 


DISCUSSION 

The  optical  and  molecular  analyses  completed  in  this  study 
of  corals  infected  with  BBD  on  Curasao  indicate  that  bacterial 
communities  are  distinctly  partitioned  between  overlying  sea¬ 
water  and  healthy,  diseased,  and  dead  coral  surfaces.  The  fol¬ 
lowing  discussion  evaluates  the  implications  of  this  partitioning 
with  respect  to  the  proportion  of  cyanobacterium-related  se¬ 
quences  in  reef  tract  seawater  clone  libraries,  the  possibility  of 
coral  species-specific  microbial  communities,  and  the  microbial 
ecology  of  BBD  in  M.  annularis ,  M .  cavernosa ,  and  D.  strigosa 
colonies. 

Reef  tract  bacterioplankton.  Sequences  affiliated  with  two 
globally  distributed  bacterioplankton  were  detected  in  all  sea¬ 
water  clone  libraries  collected  from  the  Curasao  reef  tract.  The 
most  common  was  Prochlorococcus,  which  is  the  smallest  yet 
most  abundant  oxygenic  photoautotroph  in  tropical  and  sub- 
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TABLE  2.  16S  rRNA  sequencing  results  for  a  Moniasirea  cavernosa  colony  from  the  back  reef  at  Playa  Kalki" 


1D% 

No.  of 
similar 
clones 

No.  of 
base  pairs 
sequenced 

Best-matched  organism 

Accession  no. 

Division 

Location  of  Clone'’ 

sw 

HC 

BBD 

DC 

98 

2 

594 

Uncultured  bacterium  SAR102 

L35460 

a-Proteobacteria 

X 

94-98 

2 

534 

Uncultured  bacterium  OCS126 

AF001638 

a-Proteobacteria 

X 

91 

1 

543 

Caedibacter  caryophilus 

AJ 238683 

a-Proteobacteria 

X 

92 

1 

573 

Olavius  loisae  endosymbiont  2 

AF 104473 

a-Proteobacteria 

X 

99 

1 

596 

Uncultured  Roseobacter  NACll-1 

AF245630 

a-Proteobacteria 

X 

98 

1 

610 

Uncultured  bacterium  EBAC31A08 

AF268219 

8-Proteobacteria 

X 

92 

1 

334 

Uncultured  bacterium  CHAB-II-49 

AJ 240909 

8-Proteobacteria 

X 

98-99 

2 

546 

Unknown  marine  bacterioplankton  SAR7 

X52171 

8-Proteobacteria 

X 

94 

2 

587 

Unidentified  marine  bacterium  OM60 

U 70696 

7-Proteobacteria 

X 

98-99 

9 

587 

Prochlorococcus  sp.  strain  MIT9202 

AFl  15269 

Cyanobacteria 

X 

98 

3 

546 

Uncultured  Synechococcus  sp.  strain  NACl-5 

AF'245618 

Cyanobacteria 

X 

96 

1 

454 

Prochlorococcus  marinus  pas  tori 

AFl  80967 

Cyanobacteria 

X 

99 

1 

603 

Prochlorococcus  sp.  strain  MIT9312 

AF053398 

Cyanobacteria 

X 

99 

1 

602 

Synechococcus  WHS  101 

AF001480 

Cyanobacteria 

X 

92 

2 

675 

Uncultured  Cytophagales  CRE-FL75 

AF141488 

CFB 

X 

93 

1 

688 

Marine  psychrophile  sp.  SW17 

AF001368 

CFB 

X 

93 

1 

645 

Uncultured  marine  bacterium  ZD0403 

AJ400347 

CFB 

X 

99 

1 

588 

Unidentified  cytophagales  OM188 

U 70687 

CFB 

X 

94 

1 

601 

Unidentified  planctomycete  OM190 

U70712 

Planctomycetales 

X 

98 

1 

567 

Unidentified  bacterium  isolate  HRV16 

Z88588 

Unknown 

X 

95 

12 

564 

Unidentified  beta  proteobacterium  OPB30 

AF026979 

(3-Proteobacteria 

X 

94 

6 

558 

Hydrogenophilus  thermoluteolus  TH-4 

AB 009829 

(3-Proteobacteria 

X 

95 

1 

478 

Unidentified  beta  proteobacterium  OPS140 

AF026983 

[J-Proteobacteria 

X 

95-96 

2 

664 

Uncultured  epsilon  proteobacterium  KTcl  l60 

AF2351 16 

e-Proteobacteria 

X 

98-99 

34 

539 

Chromatium  sp.  RW 

AF384210 

7-Proteobacteria 

X 

99 

1 

406 

Escherichia  coli  K12  MG  1655 

AE000345 

7-Proteobacteria 

X 

95 

1 

527 

Uncultured  alpha  proteobacterium  S1C.926 

AF277517 

a-Proteobacteria 

X 

99 

1 

583 

Uncultured  proteobacterium  clone  CD5H5 

AY038412 

a-Proteobacteria 

X 

93 

1 

588 

Maricauhs  sp.  strain  MCS18 

AJ 227806 

a-Proteobacteria 

X 

94 

1 

607 

Uncultured  alpha  proteobacterium  KTc0993 

AF235129 

a-Proteobacteria 

X 

95 

1 

583 

Uncultured  proteobacterium  clone  CD4D6 

AY038529 

8-Proteobacteria 

X 

99 

2 

515 

Desulfovibrio  sp.  strain  TBP-1 

AF090830 

8-Proteobacteria 

X 

X 

98 

1 

582 

Uncultured  proteobacterium  clone  CD5B11 

AY038410 

e-Proteobacteria 

X 

96 

1 

321 

Shewanella  sp.  clone  NB65-G 

ABO  13842 

7-Proteobacteria 

X 

93 

1 

606 

Marinobacier  hydrocarbonoclasticus 

Y 18240 

7-Proteobacteria 

X 

99 

1 

566 

Pseudomonas  stutzeri 

A  Y0 17341 

7-Proteobacteria 

X 

93-94 

2 

443 

Uncultured  gamma  proteobacterium  clone  26 

AF369718 

7-Proteobacteria 

X 

96 

1 

542 

Unidentified  proteobacterium  strain  NKB4 

ABO  13256 

7-Proteobacteria 

X 

92 

2 

616 

Oceanospirillum  linum 

M 22365 

7-Proteobacteria 

X 

88 

1 

530 

Marine  bacterium  BBFL7 

AY028207 

CFB 

X 

99 

1 

630 

Uncultured  Cytophagales  clone  CD4B12 

AY038511 

CFB 

X 

92 

1 

597 

Parasporobacterium  paucivorans  sp.  SYR1 

AJ 272036 

Firmicutes 

X 

92-95 

2 

478 

Spirochaeta  litoralis 

M88723 

Spirochaetales 

X 

X 

91 

1 

220 

Uncultured  rumen  bacterium  4C3d-12 

AB034093 

Unknown 

X 

91 

1 

612 

Unidentified  butyrate-producing  Ll-92 

AJ270487 

Unknown 

X 

97 

1 

613 

Uncultured  Crater  Lake  bacterium  CL0-45 

AF3 16686 

Unknown 

X 

98 

2 

435 

Silicibacter  lacuscaerulensis 

U77644 

a-Proteobacteria 

X 

97 

1 

489 

Alpha  proteobacterium  MBIcl876 

AB026194 

a-Proteobacteria 

X 

88 

1 

489 

Uncultured  alpha  proteobacterium  MB13E08 

AY033327 

a-Proteobacteria 

X 

95 

2 

497 

Caulobacter  sp.  strain  MCS33 

AJ 227811 

a-Proteobacteria 

X 

96 

1 

341 

Uncultured  Rhodobacter  CtaxPhil-16 

AF259624 

a-Proteobacteria 

X 

97 

1 

477 

Agrobacterium  gelatinovorum 

D88523 

a-Proteobacteria 

X 

95 

1 

342 

Uncultured  alpha  proteobacterium  CHAB-I-5 

AJ240910 

a-Proteobacteria 

X 

97 

1 

373 

Sulfitobacter  pontiac  us 

AF182018 

a-Proteobacteria 

X 

90 

1 

399 

Uncultured  ferromanganous  bacterium  MND 

AF292999 

a-Proteobacteria 

X 

99 

1 

333 

Beta  proteobacterium  OS-ac-15 

U46749 

(3-Proteobacteria 

X 

87 

1 

296 

Desulfovibrio  zosterae 

Y 18049 

8-Proteobacteria 

X 

90-91 

2 

555 

Desulfocella  halophila 

AF022936 

8-Proteobacteria 

X 

91 

1 

425 

Delta  proteobacterium  S2551 

AF177428 

8-Proteobacteria 

X 

89 

1 

302 

Desulfovibrio  alaskens'is  NCIMB13491 

Y11984 

8-Proteobacteria 

X 

87 

1 

462 

Uncultured  delta  proteobacterium  Sva0447 

AJ240999 

8-Proteobacteria 

X 

92 

l 

535 

Desulfofrigus  oceanense  strain  ASv26 

AF099064 

S-Proteobacteria 

X 

96 

1 

371 

Desulfobotulus  sp.  strain  BG14 

U85470 

8-Proteobacteria 

X 

Continued  on  following  page 


Vol.  68,  2002 


PARTITIONING  OF  BACTERIAL  COMMUNITIES  2221 


TABLE  2 — Continued 


ID% 

No.  of 
similar 
clones 

No.  of 
base  pairs 
sequenced 

Best-matched  organism 

Accession  no. 

Division 

Location  of  Clone6 

SW  HC  BBD  DC 

95 

1 

459 

Uncultured  epsilon  proteobacterium  1006 

AB030592 

E-Proteobacteria 

X 

92 

1 

512 

Uncultured  epsilon  proteobacterium  1065 

AB030598 

e-Proteobacteria 

X 

93 

1 

454 

Campylobacter  sp.  strain  DSM806 

AP144694 

E-Proteobacteria 

X 

96 

1 

351 

Arcobacter  sp.  clone  A3b2 

AJ271655 

e-Proteobacteria 

X 

96 

1 

421 

Uncultured  epsilon  proteobacterium  KTcll6 

AF235116 

e-Proteobacteria 

X 

99 

1 

470 

Vibrio  sp.  strain  Lul 

AF094701 

7-Proteobacteria 

X 

90-91 

2 

406 

Vibrio  proteolyticus  (ATCC  15338T) 

X74723 

7-Proteobacteria 

X 

96 

1 

335 

Photobacterium  damselae  subsp.  damselae 

AB032015 

7-Proteobacteria 

X 

93-94 

2 

367 

Uncultured  gamma  proteobacterium  EC-B3 

AF287041 

7-Proteobacteria 

X 

89 

1 

408 

Halomonas  sp.  strain  Eplume3.D3 

AF212203 

7-Proteobacteria 

X 

89 

1 

447 

Pseudoalteromonas  auramia 

AE025570 

7-Proteobacteria 

X 

99 

1 

428 

Alieromonas  macleodii  strain  DSM  6062 

Y18228 

7-Proteobacteria 

X 

95 

2 

535 

Pseudoalteromonas  sp.  strain  A25 

AF227237 

7-Proteobacteria 

X 

95 

1 

472 

Uncultured  proteobacterium  TIHP368-52 

AB031651 

7-Proteobacteria 

X 

94 

1 

489 

Uncultured  proteobacterium  CHAB-IV-34 

AJ240917 

7-Proteobacteria 

X 

90 

1 

366 

Vibrio  halioticoli  strain  1AM 14599 

AB 000 39 3 

7-Proteobacteria 

X 

90 

1 

344 

Vibrio  rumoiensis 

ABO  13297 

7-Proteobacteria 

X 

94 

1 

459 

Unclassified  Pseudomonas  group 

AF102866 

7-Proteobacteria 

X 

98 

1 

453 

Eubacterium  tenue 

M59118 

Firmicutes 

X 

91 

3 

414 

Uncultured  low-G  +  C  gram-positive  MT35 

AF211297 

Firmicutes 

X 

91 

2 

431 

Uncultured  low-G+C  gram-positive  36-3 

AF351218 

Firmicutes 

X 

86 

1 

560 

Clostridium  estertheiicum  (NCIMB12511) 

X68181 

Firmicutes 

X 

99 

1 

464 

Propionibacterium  acnes  isolate  8261 

AB042291 

Firmicutes 

X 

89 

1 

522 

Paenibacillus  sp.  strain  EE17 

AF30653S 

Firmicutes 

X 

91 

1 

472 

Sporocytophaga  myxococcoides 

AJ3 10654 

CFB 

X 

86-437 

3 

392 

Cyiophaga  sp.  strain  JTB250 

ABO  15264 

CFB 

X 

86 

1 

475 

Uncultured  bacterium  BS5 

AF087089 

CFB 

X 

93 

1 

501 

Bacterium  SB12 

AF367851 

CFB 

X 

93 

1 

517 

Cyiophaga  sp.  strain  BD1-27 

ABO  15528 

CFB 

X 

91 

2 

486 

Flavobacteriaceae  SA-0082 

AB057592 

CFB 

X 

91-92 

2 

591 

Cyiophaga  ferment  a  ns 

M58766 

CFB 

X 

93 

1 

549 

Cyiophaga  sp.  strain  JTB132 

ABO  15260 

CFB 

X 

91 

1 

474 

Uncultured  bacterium  TX2 

AJF298764 

CFB 

X 

93 

1 

485 

Symploca  sp.  strain  VP642c 

AY032934 

Cyanobacteria 

X 

73 

1 

371 

Bacterium  2-400  C2.5 

Z77637 

Planctomycetales 

X 

98 

1 

475 

Unidentified  marine  eubacterium  Hstpl4 

U41090 

Unknown 

X 

91 

1 

475 

Uncultured  Crater  Lake  bacterium  CL0-6 

AF3 16682 

Unknown 

X 

97 

1 

377 

Uncultured  eubacterium  CHA3-30 

AJ 132732 

Unknown 

X 

90 

1 

361 

Oleiphilus  messinensis  isolate  ME102 

AJ 295 154 

Unknown 

X 

92 

1 

414 

Rhizosphere  soil  bacterium  isolate  RSI-28 

AJ252595 

Unknown 

X 

91 

3 

378 

Uncultured  bacterium  done  Car68rc 

AF224865 

Unknown 

X 

94 

1 

576 

Uncultured  eubacterium  CHA3-437 

AJ  132728 

Unknown 

X 

90-91 

3 

409 

Uncultured  bacterium  CHAB-I1-49 

AJ 240909 

Unknown 

X 

98 

1 

552 

Uncultured  Crater  Lake  bacterium  CL120-63 

AF3 16691 

Unknown 

X 

88 

1 

372 

Codium  fi-agile 

U 0834 5 

Chloroplast 

X 

85 

1 

318 

Chondrus  crispus 

Z29521 

Chloroplast 

X 

"  Abbreviations  are  as  defined  in  footnote  a  to  Table  1. 

h  x  signs  indicate  whether  the  clone  occurred  in  the  overlying  seawater  (SW),  healthy  coral  tissue  (HC).  black  band  diseased  coral  tissue  (BBD).  or  dead  coral 
skeleton  surfaces  (DC). 


tropical  seas  (16,  44).  The  second  cyanobacterium  was  Syn- 
echococcuSy  a  genus  which  has  been  combined  with  that  of 
Prochlorococcus  into  a  single  clade  called  the  picophytoplank- 
ton  (69).  The  phenomenon  of  the  large  proportion  of  cya¬ 
nobacterium  sequences  detected  in  the  Curasao  seawater 
clone  library  is  somewhat  unique  with  respect  to  bacterio- 
plankton  found  in  open  ocean  surface  seawater.  Sequences 
affiliated  with  cyanobacteria  from  the  Mediterranean  Sea  com¬ 
prised  only  6  to  8%  of  the  clone  libraries  from  offshore  surface 
waters  (1,  2,  3).  Similarly  low  proportions  of  cyanobacteria 
have  also  been  detected  in  surface  waters  of  the  Pacific  and 
North  Atlantic  oceans  and  the  North  Sea  (12, 19,  20,  24, 41, 44, 
46,  64,  65,  66). 


The  relatively  large  proportion  of  sequences  affiliated  with 
cyanobacteria  in  Curasao  seawater  relative  to  those  reported 
in  rDNA  surveys  from  other  locations  may  reflect  the  ecolog¬ 
ical  differences  between  near-shore  and  offshore  marine  envi¬ 
ronments.  The  near-shore  reef  tract  setting  on  Curasao  is 
strongly  influenced  by  the  physical  and  chemical  effects  of 
terrestrial  runoff,  which  include  coastal  pollution  and  organic 
as  well  as  inorganic  sedimentation  (37).  It  is  therefore  not 
unexpected  that  the  composition  of  bacterioplankton  commu¬ 
nities  in  near-shore  and  offshore  environments  would  track 
these  environmental  differences  (66).  Another  possibility  is 
that  this  discrepancy  in  the  proportions  of  cyanobacteria  may 
result  from  methodological  differences.  The  bead  beating  used 


2222  FRIAS-LOPEZ  ET  AL. 


Appl.  Environ.  Microbiol. 


TABLE  3.  16S  rRNA  sequencing  results  for  a  Diploria  strigosa  colony  from  the  back  reef  at  Water  Plant" 


ID% 

No.  of 
similar 
clones 

No.  of  base 
pairs 

sequenced 

Best-matched  organism 

Accession  no. 

Division 

Location  of  clone^ 

sw 

HC 

BBD 

DC 

98 

1 

567 

Uncultured  marine  bacterium  ZD0409 

AJ400350 

a-Proteobacteria 

X 

96 

1 

568 

Uncultured  marine  eubacterium  HstpL28 

AJF159650 

a-Proteobacteria 

X 

99 

3 

604 

Pseudoalteromonas  sp.  isolate  PRL1ST2 

Y15323 

7-Proteobacteria 

X 

99 

2 

610 

Pseudomonas  sp.  strain  MB1C2027 

AB030085 

7-Proteobacteria 

X 

97 

1 

622 

Alteromonas  macleodii  strain  CH-518 

Y 18232 

7-Proteobacteria 

X 

99 

1 

423 

Aheromonas  macleodii  strain  DSM  6062 

Y 18228 

7-Proteobacteria 

X 

99 

1 

444 

Pseudoalteromonas  sp.  strain  A28 

AF227238 

7-Proteobacteria 

X 

99 

1 

572 

Uncultured  bacterium  Carl 64 

AF285610 

7-Proteobacteria 

X 

98 

1 

560 

Uncultured  CHAB-I-7 

AJ24091 1 

7-Proteobacteria 

X 

91 

1 

619 

Uncultured  KTc0924 

AF235121 

7-Proteobacteria 

X 

97 

1 

51 1 

Uncultured  marine  eubacterium  HstpL66 

AF 159670 

7-Proteobacteria 

X 

97 

1 

598 

Uncultured  OCS44 

AF001650 

7-Proteobacteria 

X 

99 

1 

611 

Unidentified  bacterium 

Z93992 

7-Proteobacteria 

X 

98-99 

6 

593 

Prochlorococcus  sp.  strain  MIT9202 

AF  115269 

Cyanobacteria 

X 

99 

3 

531 

Prochlorococcus  marinus  subsp.  pas  (oris 

API  80967 

Cyanobacteria 

X 

99 

1 

603 

Prochlorococcus  sp.  strain  M1T9312 

AJF053398 

Cyanobacteria 

X 

98 

1 

603 

Synechococcus  WH8101 

AJF397728 

Cyanobacteria 

X 

98-99 

3 

513 

Cyanophora  paradoxa  cyanelle 

M 19493 

Chloroplasts 

X 

X 

97 

1 

603 

Guillardia  theta 

AF041468 

Chloroplasts 

X 

91 

2 

638 

Cyanophora  paradoxa  cyanelle 

Ml  9493 

Chloroplasts 

X 

X 

92 

1 

659 

Marine  psych rophile  SW17 

AF001368 

CFB 

X 

92 

1 

419 

Fusibacter  paucivorans 

AP050099 

Firmicutes 

X 

98 

1 

594 

Unidentified  eubacterium  clone  SAR276 

U65915 

Planctomycetales 

X 

98 

1 

532 

Unidentified  planctomycete  OM55 

U 70681 

Planctomycetales 

X 

96 

1 

548 

Uncultured  eubacterium  TRA2-10 

AF047642 

Unknown 

X 

100 

1 

554 

Unidentified  bacterium  isolate  HRV39 

Z88591 

Unknown 

X 

95-96 

3 

347 

Uncultured  marine  eubacterium  H$tpL93 

AF1 59684 

7-Proteobacteria 

X 

96 

7 

389 

Uncultured  marine  eubacterium  HstpL43 

AF  159674 

7-Proteobacteria 

X 

93-96 

4 

466 

Unidentified  strain  NKB4 

ABO  13256 

7-Proteobacteria 

X 

93 

13 

542 

Uncultured  gamma  proteobacterium  clone  26 

AF369718 

7-Proteobacteria 

X 

92 

13 

698 

Oceanospirillurn  linum 

AF260752 

7-Proteobacteria 

X 

92 

1 

567 

Pseudomonas  sp.  strain  IMT40 

AF302796 

7-Proteobacteria 

X 

92 

1 

471 

Pseudomonas  denitrificans  LAM  12023 

AB021419 

7-Proteobacteria 

X 

93 

l 

541 

Uncultured  proteobacterium  MBIC3958 

AB020600 

7-Proteobacteria 

X 

97 

1 

385 

Haemophilus  paraphrophiius 

M75042 

7-Proteobacteria 

X 

92 

1 

613 

Oceanospirillurn  marls  williamsae  IFO 15468 

AB006763 

7-Proteobacteria 

X 

99-100 

4 

604 

Propionibacterium  acnes 

AF  154832 

Firmicutes 

X 

97 

1 

373 

Uncultured  Cytophagales  clone  CRE-PA10 

AF141499 

CFB 

X 

91 

1 

576 

Flexibacter  aggregans 

M64628 

CFB 

X 

98 

1 

590 

Uncultured  Cytophagales  clone  CD4E12 

AY038534 

CFB 

X 

91 

1 

635 

Planktothrix  sp.  strain  FPI 

AF2 12922 

Cyanobacteria 

X 

93 

2 

588 

Xenococcus  PCC7305 

AF1 32783 

Cyanobacteria 

X 

92 

1 

546 

Arctic  seawater  bacterium  R7366 

AJ293826 

Unknown 

X 

89-98 

8 

471 

Clostridium  halophilum  DSM  5387 

X77837 

Firmicutes 

X 

X 

88 

1 

370 

Eubacterium  oxidoreducens  strain  G2-2 

AF202259 

Firmicutes 

X 

96 

1 

605 

Uncultured  Cytophaga  kps30 

AF195441 

Firmicutes 

X 

89-94 

5 

470 

Cytophaga  sp.  strain  JTB132 

ABO  15260 

CFB 

X 

87-93 

3 

535 

Cytophaga  fermentans 

M58766 

CFB 

X 

89 

1 

433 

Flavobacterium  columnare 

AB023660 

CFB 

X 

90 

1 

348 

Flavobacterium  sp.  strain  A43 

AB008043 

CFB 

X 

97 

1 

480 

Roseobacter  sp.  ( Prionitis  symbiont) 

AF107210 

a-Proteobacteria 

X 

91 

l 

596 

Unidentified  proteobacterium  strain  BD7-3 

ABO  15579 

a-Proteobacteria 

X 

96 

1 

440 

Desulfobotulus  sp.  strain  BG14 

U85470 

5-Proteobacteria 

X 

96 

3 

512-607 

Uncultured  epsilon  proteobacterium  KTcll60 

AF2351 16 

E-Proteobacteria 

X 

X 

91-92 

2 

624 

Uncultured  proteobacterium  strain  BD1-29 

AB015529 

e-Proteobacteria 

X 

94-99 

3 

557 

Alteromonas  macleodii 

AF025957 

7-Proteobacteria 

X 

94-95 

2 

462 

Oceanospirillurn  sp,  strain  ME113 

AJ302700 

7-Proteobacteria 

X 

92 

2 

499 

Neptunomonas  naphthovorans 

AF053734 

7-Proteobacteria 

X 

95 

1 

489 

Unclassified  Pseudomonas  group 

API  02866 

7-Proteobacteria 

X 

99 

1 

565 

Vibrio  campbelli  ATCC  25920T 

X74692 

7-Proteobacteria 

X 

82 

1 

547 

Spinacia  oleracea 

M2.1453 

Chloroplasts 

X 

89 

1 

473 

Nephroselmis  olivacea 

X74754 

Chloroplasts 

X 

93 

1 

577 

Spirochaeta  litoral  is 

M88723 

Spirochaetales 

X 

93 

1 

532 

Trichodesmium  tenue 

AF0 13029 

Cyanobacteria 

X 

89 

1 

491 

Uncultured  bacterium  TIHP302-14 

AB031600 

Unknown 

X 

Continued  on  following  page 
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TABLE  3 — Continued 


ID% 

No.  of 
similar 
clones 

No.  of  base 
pairs 

sequenced 

Besi-matched  organism 

Accession  no. 

Division 

Location  of  clone'’ 

SW  HO  BBD 

DC 

94 

2 

525-567 

Desulfovibrio  aespoeensis  (isolate  Aspo2) 

X95230 

8-Proteobacteria 

X 

X 

95 

1 

546 

North  Sea  bacterium  H120 

AF069667 

Unknown 

X 

88 

1 

626 

Unidentified  bacterium  strain  BD2-14 

AB015542 

Unknown 

X 

93 

1 

544 

Bacterium  strain  77003 

AF227847 

Unknown 

X 

90 

1 

356 

Marine  snow  bacterium  Adriatic87 

AF030773 

Unknown 

X 

94 

1 

568 

Uncultured  bacterium  PENDANT-24 

API  42936 

of-Proteobacteria 

X 

99 

1 

338 

Escherichia  coli  K12  MG  1655 

AE000345 

y-Proteobacteria 

X 

91 

1 

768 

Uncultured  gamma  proteobacterium  CHAB- 
IV-34 

AJ 2409 17 

y-Proteobacteria 

X 

93 

1 

297 

Uncultured  gamma  proteobacterium  DSS65 

AJ401386 

y-Proteobacteria 

X 

94 

1 

355 

Uncultured  gamma  proteobacterium  KTcll9 

AF235120 

y-Proteobacteria 

X 

94 

4 

612 

Chlorobium  vibrio  forme 

Y08103 

Green  Sulfur  Bacteria 

X 

96 

1 

622 

Prosthecochloris  aesiuani 

AJ 29 1826 

Green  Sulfur  Bacteria 

X 

96 

1 

505 

Uncultured  bacillariophyte  AWS9S-19b 

AF327029 

Chloroplasts 

X 

91 

1 

614 

Epulopiscium  sp.  morphotype  B 

M99574 

Firmicutes 

X 

97-98 

2 

576 

Uncultured  marine  eubacierium  HstpL78 

AF 159652 

Unknown 

X 

"  Abbreviations  are  as  defined  in  footnote  a  to  Table  1. 

h  x  signs  indicate  whether  the  clone  occurred  in  the  overlying  seawater  (SW).  healthy  coral  tissue  (HC).  black  band  diseased  coral  tissue  (BBD).  or  dead  coral 
skeleton  surfaces  (DC). 


in  the  present  study  may  have  more  effectively  lysed  the  tough 
cyanobacterial  cell  walls  than  the  techniques  used  for  the  off¬ 
shore  studies,  none  of  which  applied  bead  beating.  Further¬ 
more,  the  consistently  high  proportion  of  cyanobacteria  in  all 
three  of  the  seawater  samples  analyzed  from  Curasao  (Fig.  3A, 
4A,  and  5A)  suggests  that  this  is  an  accurate  representation  of 
the  reef  tract  bacterioplankton  clone  library. 

Healthy  coral  microbial  communities.  Sequencing  results  in 
the  present  study  indicate  that  the  microbial  communities  in¬ 
habiting  healthy  coral  tissue  have  the  following  characteristics: 
(i)  they  are  unique  in  that  they  are  distinct  from  the  bacterio¬ 
plankton  in  overlying  seawater,  especially  with  respect  to  cya¬ 
nobacteria  sequences;  and  (ii)  they  are  markedly  different 
among  the  three  coral  species.  Significant  reductions  in  the 
proportion  of  cyanobacterium-affiliated  sequences  from  the 
seawater  clone  libraries  (30  to  43%)  to  those  from  the  healthy 
coral  tissue  clone  libraries  (0  to  5%)  (Fig.  3A  and  B,  4A  and  B, 
and  5A  and  B,  respectively)  are  likely  to  be  the  result  of 
chemical  defense  mechanisms  that  inhibit  coral  tissue  coloni¬ 
zation  by  cyanobacteria  (35).  This  partitioning  is  also  consis¬ 
tent  with  the  results  of  previous  optical  and  culture-based 
studies  of  the  mucus-rich  biofilm  covering  coral  tissue,  which  is 
called  the  coral  surface  microlayer  (CSM)  (13,  14,  38,  and  45). 
Expelled  and  free-living  zooxanthellae  are  prominent  compo¬ 
nents  of  the  CSM,  which  protects  coral  from  light,  exposure, 
and  sedimentation  and  is  the  first  line  of  defense  against  dis¬ 
ease  infection  (11,  38,  45,  56). 

Inferred  metabolisms  from  the  M.  annularis  clone  library 
sequences  suggest  that  mixtures  of  aerobic  and  anaerobic  mi¬ 
crobes  inhabit  the  healthy  coral  tissue  (Tables  1,2,  and  3).  This 
type  of  mixed  metabolic  assemblage  is  similar  to  those  of  the 
diverse  microbial  communities  detected  in  the  tissues  of  ma¬ 
rine  sponges,  where  low-oxygen  microniches  occur  in  the  pores 
of  well-oxygenated  sponge  surfaces  (73).  In  addition,  several 
other  bacteria  inhabiting  healthy  M.  annularis  tissue  have  not 
previously  been  observed  in  marine  environments.  Specifically, 
sequences  of  several  microbial  strains,  which  comprise  3%  of 


the  A7.  annularis  healthy  tissue  clone  library,  were  previously 
isolated  exclusively  from  terrestrial  soils  (e.g.,  agricultural  soil 
bacterium  SC-I-iS  and  unidentified  soil  bacterium  clones 
BSV72  and  BSV73;  Tables  1,  2,  and  3). 

Sequences  from  clone  libraries  constructed  from  healthy  M. 
annularis  tissue  exhibit  significantly  higher  bacterial  diversity 
(10  divisions)  than  those  from  clone  libraries  constructed  from 
healthy  M.  cavernosa  and  D.  strigosa  tissue  (3  and  4  divisions, 
respectively;  Fig.  3B,  4B,  and  5B,  respectively).  These  prelim¬ 
inary  results  imply  that  scleractinian  corals  may  contain  spe¬ 
cies-specific  microbial  communities.  The  abundance  of  y-pro- 
teobacteria  and  p-proteobacteria  and  the  low  overall  sequence 
diversity  levels  observed  in  M  cavernosa  and  D .  strigosa  (Fig. 
4B  and  5B)  are  somewhat  similar  to  those  of  the  microbial 
communities  detected  with  molecular  screening  of  healthy  tis¬ 
sues  from  a  single  Montastrea  franksi  colony  in  Panama  (4 
divisions)  (51).  Sequences  affiliated  with  Silicibacter  lacuscae - 
rulensis  were  also  detected  in  several  other  healthy  M.  franksi 
colonies  by  using  denaturing  gradient  gel  electrophoresis  tech¬ 
niques  (51).  However,  5.  lacuscaerulensis  sequences  were  only 
detected  in  the  present  study  on  Curasao  in  the  dead  coral 
surface  clone  library  of  M.  cavernosa  (Table  2).  This  further 
supports  the  possibility  that  individual  coral  species  contain 
unique  microbial  consortia.  An  important  difference  from  the 
Curasao  corals  is  that  M,  franksi  healthy  tissue  done  libraries 
from  Panama  were  dominated  by  cyanobacteria  (51),  which  is 
surprising  given  the  chemical  mechanisms  inhibiting  cyanobac¬ 
terial  settlement  on  healthy  coral  tissues  (35).  In  addition,  M. 
franski  did  not  contain  chloroplast-affiliated  sequences  in  the 
healthy  tissue  clone  libraries  (51),  which  was  unexpected  given 
the  abundance  of  zooxanthellae  in  the  coral  tissue  and  the 
CSM  (45)  and  their  use  of  primers  similar  to  those  applied  in 
the  present  study. 

Microbes  associated  with  BBD.  The  BBD  microbial  mat  is 
dominated  by  large  filamentous  cyanobacteria  originally  identi¬ 
fied  as  Oscillatoria  submembranaceae  (A.  Antoni  us,  Abstr.  10th 
Meet.  Assoc.  Isl.  Mar.  Lab.  Caribb.,  p.  3,  1973  [abstr.])  and 
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FIG.  3.  Pie  diagrams  illustrating  the  division-level  diversity  of  the  partial  16S  rRNA  bacterial  sequences  comprising  the  clone  libraries 
associated  with  M.  annularis.  The  colony  was  growing  in  the  back  reef  environment  at  Playa  Kalki  at  a  5-m  water  depth.  The  seawater  at  the  time 
and  location  of  sampling  in  August  2000  was  at  a  temperature  of  27.5°C. 


later  systematically  reclassified  as  Phormidium  corallyticum 
(52).  Other  bacteria  previously  identified  in  the  BBD  mat 
include  motile,  nonphotosynthetic  sulfide-oxidizing  Beggiatoa 
spp.  (optically  identified)  (14,  18,  and  52)  and  the  sulfate- 
reducing  Desulfovibrio  spp.  (identified  optically  and  with  16S 
rRNA  oligonucleotide  probes)  (18  and  53  and  S.  Schnell,  B. 
Assmus,  and  L.  L.  Richardson,  abstract  from  the  Annual  Meet¬ 
ing  of  the  VAAM  [Vereinigung  fuer  Allgemeine  und  Ange- 
wandte  Mikrobiologie]  and  GBCH  [Gesellschaft  fuer  Biolo- 
gische  Chemie],  Biospecktrum,  p.  1 16, 1996  [abstr.]).  Although 
SEM  imaging  for  the  present  report  indicated  that  the  BBD 
microbial  mat  was  predominantly  composed  of  filamentous 
cyanobacteria  (Fig.  2G  and  H),  cyanobacteria!  sequences  rep¬ 
resented  only  0  to  4%  of  the  BBD  mat  clone  libraries  (Table 
1).  Furthermore,  neither  P.  corallyticum  or  Beggiatoa  sp.  se¬ 
quences  were  detected  in  the  BBD  mat  (Tables  1,  2,  and  3). 

One  explanation  for  these  discrepancies  may  be  that  P.  cor¬ 


allyticum  has  not  been  previously  sequenced.  While  several 
species  of  terrestrial  Phormidium  have  been  delected  in  desert 
soil  crusts  (17),  no  marine  species  have  previously  been  re¬ 
ported  in  GenBank.  Similarly,  multiple  Beggiatoa  species  have 
been  sequenced  from  other  marine  environments  (3)  but  their 
sequences  were  not  similar  to  those  in  the  BBD  mat  clone 
library.  Another  explanation  could  be  that  P.  corallyticum  and 
Beggiatoa  spp.  were  represented  by  one  of  the  unknown  bac¬ 
terial  sequences  in  the  BBD  mat  clone  library  (Fig.  3,  4,  and  5). 
Other  possibilities  are  that  they  are  present  in  the  BBD  mat 
but  their  rDNA  was  not  extracted,  amplified,  and  sequenced 
and  they  are  not  present  in  the  BBD  mat.  It  is  important  to 
note  that  sequences  affiliated  with  the  filamentous  cyanobac¬ 
terium  Trichodesmium  tenue  were  found  in  the  BBD  mats 
(Tables  1,  2,  and  3).  Members  of  the  family  Trichodesmium 
(formerly  Oscillatoria)  are  nonheterocystous  nitrogen-fixing 
(diazotrophic)  cyanobacteria  that  are  a  globally  abundant  com- 
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A.  Overlying  Seawater 


Montastrea  cavernosa 

B.  Healthy  Coral  Tissue 


C.  BBD  Microbial  Mat 


D.  Dead  Coral  Surface 
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y-Proteobacteria  35% 


Unknown 

a-Proteobacteria  Chloroplasts  16°/c 
"  1%- 
Spirochaetales 
1% 

6-Proteobacteria 

9°/o  Firmicutes 

1  11% 
e-Proteobacteria 

5% 

Pianctinomycetales 

1% 

Cyanobacteria 

1%  CFB 

16% 


a-Proteobacteria 

14% 


-Proteobactena1% 

6-Proteobacteria 

10% 

f-Proteobacteria 

6% 


y-Proteobacteria 

22% 


FIG.  4.  Pie  diagrams  illustrating  the  division-level  diversity  of  the  partial  16S  rRNA  bacterial  sequences  comprising  the  clone  libraries 
associated  with  M.  cavernosa.  The  colony  was  growing  in  the  back  reef  environment  at  Playa  Kalki  at  a  5-m  water  depth.  The  seawater  at  the  time 
and  location  of  sampling  in  August  2000  was  at  a  temperature  of  27.5°C. 


ponent  of  bacterioplankton  in  tropical  and  subtropical  oceans 
(9.  34). 

Implications  for  the  microbial  ecology  of  BBD.  Several  of 
the  microbial  sequences  detected  in  the  seawater  and  healthy, 
BBD-infected,  and  dead  coral  surface  clone  libraries  (Tables  1, 
2,  and  3)  are  affiliated  with  microbes  with  one  or  more  of  the 
following  characteristics:  (i)  they  have  previously  been  re¬ 
ported  in  humans,  some  commonly  occurring  in  human  sew¬ 
age;  (ii)  they  are  known  pathogens  in  other  marine  and  ter¬ 
restrial  organisms;  or  (iii)  they  were  derived  from  terrestrial 
soils.  The  following  discussion  summarizes  what  is  known  of 
the  ecologies  and  pathogenicities  of  the  microorganisms  whose 
affiliated  sequences  have  been  found  in  the  BBD  mat. 

Several  of  the  sequences  detected  on  the  coral  surfaces  are 
affiliated  with  microbes  that  are  known  pathogens  in  humans. 
Sequences  affiliated  with  the  genus  Clostridium ,  which  occur  in 
the  BBD  mat  clone  library  of  M.  annularis  (Table  1),  are 
commonly  part  of  mixed-pathogen  infections  in  a  variety  of 


terrestrial  organisms,  including  humans  and  birds  (61,  62).  The 
presence  of  clostridial  spores  is  commonly  used  as  an  indica¬ 
tion  of  fecal  contamination  in  drinking  water.  Pathogenic  Clos¬ 
tridia,  which  are  gram-positive  obligatory  anaerobes  incapable 
of  dissimilatory  reduction  of  sulfate,  produce  toxins  that  ne¬ 
crotize  body  tissues  or  interfere  with  nerve  transmission  (31, 
60).  Sequences  affiliated  with  the  genera  Campylobacter  and 
Arcobacter  were  also  detected  in  the  BBD  and  dead  coral 
surface  clone  libraries  (Tables  1, 2,  and  3).  These  e-proteobac- 
teria  have  been  grouped  into  the  bacterial  family  Campy- 
lobacteraceae ,  a  diverse  group  of  gram-negative  commensal 
and  pathogenic  bacteria  that  colonize  the  mucosal  surfaces  of 
the  intestinal  tracts,  oral  cavities,  or  urogenital  tracts  in  hu¬ 
mans  and  other  animal  hosts  (68,  70).  Arcobacter  spp.  are 
known  enteropathogens  that  cause  abdominal  cramps  in  chil¬ 
dren  (71,  72).  Campylobacter  spp.  are  a  major  cause  of  bacte¬ 
rial  enteritis  in  humans  and  are  commonly  found  in  polluted 
seawater  contaminated  with  sewage  (28,  29).  The  absence  of 
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FIG.  5.  Pie  diagrams  illustrating  the  division-level  diversity  of  the  partial  16S  rRNA  bacterial  sequences  comprising  the  clone  libraries 
associated  with  D.  sirigosa.  The  colony  was  growing  in  the  back  reef  environment  at  Water  Plant  at  a  4-m  water  depth.  The  seawater  at  the  time 
and  location  of  sampling  in  August  2000  was  at  a  temperature  of  27.5°C. 


these  bacteria  on  the  dead  coral  surfaces  suggests  that  none  of 
the  BBD  bacteria  remain  behind  as  the  BBD  mat  migrates. 
Thus  the  mat  itself  could  be  a  requirement  for  the  survival  of 
these  bacteria.  Therefore,  the  BBD  bacterial  community  has 
specificity  for  the  living  and  dying  coral  tissues  but  not  for  the 
dead  skeletal  surface  of  the  coral.  One  possible  source  for 
these  bacteria  could  be  human  sewage. 

It  is  also  possible  that  BBD  has  been  transmitted  by  infected 
fish  that  bite,  eat,  defecate  upon,  or  otherwise  come  in  contact 
with  healthy  corals.  Cytophaga  fermentans,  detected  in  the 
BBD  mats  of  M.  annularis  and  D.  strigosa ,  is  thought  to  be 
responsible  for  a  number  of  illnesses  in  freshwater  and  saltwa¬ 
ter  fish,  including  eroded  mouth,  columnaris,  cotton  wool,  cold 
water,  hemorrhagic  gill,  saddle  back,  and  branchionephritis 
diseases  and  ulcers,  tail  and  fin  rot,  and  black  patch  necrosis  (5, 
7,  30).  Although  the  precise  etiology  of  each  of  these  diseases 
is  not  well  understood,  environmental  factors  correlated  with 
the  onset  of  infection  include  extremely  high  or  low  tempera¬ 


tures,  low  oxygen  levels,  and  reduced  availability  of  dissolved 
Fe3+  (8,  40).  Another  possibility  is  that  T.  tenue  may  have 
carried  out  the  pathogenic  functions  previously  ascribed  to  P. 
corallyticum  (49,  53,  67).  T.  tenue  produces  intracellular  bio¬ 
toxins  that  have  proven  to  be  toxic  to  zooplankton  and  other 
higher  animals,  such  as  the  copepod  Acartia  tonsa  (23,  26,  58). 
If  present  in  the  BBD  mat,  T.  tenue  would  primarily  utilize 
nitrogenase  linked  to  02-depleted  microzones  within  aggre¬ 
gated  filaments  to  carry  out  highly  efficient  nitrogen  fixation 
during  oxygenic  photosynthesis  (42,  43).  These  nutrient  and 
oxygen  regimes  are  similar  to  those  of  the  microenvironments 
in  the  BBD  mat  (10,  49). 

An  additional  possibility  raised  by  the  results  in  this  report  is 
that  bacteria  derived  from  terrestrial  soils  may  have  played  a 
role  in  the  development  of  BBD  infections  on  the  Curasao  reef 
tract.  This  conjecture  is  based  on  the  detection  of  a  large 
number  of  sequences  affiliated  with  terrestrial  soil  bacteria  on 
the  healthy,  BBD-infected,  and  dead  coral  surfaces  (Tables  1, 
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2,  and  3).  It  is  possible  that  these  soil  bacteria  were  attached  to 
soil-derived  particles  that  were  transported  via  terrestrial  run¬ 
off  onto  the  reef  tract,  settled  onto  coral  colonies,  and  inocu¬ 
lated  healthy  coral  tissues.  However,  it  is  unknown  if  these 
bacteria  were  alive  or  dead  at  the  time  that  they  were  collected. 
The  feasibility  of  this  mechanism  is  exemplified  by  the  results 
of  studies  of  the  terrestrial  fungus  Aspergillus  sydowii ,  an  or¬ 
ganism  that  was  derived  from  terrestrial  runoff,  which  has  been 
identified  as  a  pathogen  in  marine  sea  fans  (59;  G.  W.  Smith, 
L.  D.  Ives,  I.  A.  Nagelkerken,  and  K.  B.  Ritchie,  Letter,  Nature 
383:487, 1996).  It  has  been  further  hypothesized  that  A.  sydowii 
can  be  attached  to  dust  particles  and  can  thus  cause  coral 
disease,  as  aerosols  settle  on  the  sea  surface  and  become  sus¬ 
pended  sediment  (57). 

In  summary,  the  culture-independent  molecular  methods 
applied  in  this  study  indicate  that  microbiota  are  distinctly 
partitioned  between  seawater  and  the  surface  of  BBD-infected 
corals.  Sequences  affiliated  with  known  pathogens  in  humans 
and  other  organisms  detected  in  the  BBD  mat  suggest  that 
human  sewage,  infection  from  other  marine  organisms,  and 
terrestrial  runoff  may  all  have  contributed  to  the  development 
of  the  disease.  Further  advances  in  understanding  BBD  etiol¬ 
ogy  will  require  tracking  variations  in  these  microbial  commu¬ 
nities,  as  the  host  corals  and  zooxanthellae  respond  to  envi¬ 
ronmental  changes  in  seawater  temperature  and  pollution 
chemistry. 
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For  30  years  it  has  been  assumed  that  a  single  species  of  cyanobacteria,  Phormidium  corallyticum,  is  the 
volumetrically  dominant  component  of  all  cases  of  black  band  disease  (BBD)  in  coral.  Cyanobacterium-specific 
16S  rRNA  gene  primers  and  terminal  restriction  fragment  length  polymorphism  analyses  were  used  to 
determine  the  phylogenetic  diversity  of  these  BBD  cyanobacteria  on  coral  reefs  in  the  Caribbean  and  lndo- 
Pacific  Seas.  These  analyses  indicate  that  the  cyanobacteria  that  inhabit  BBD  bacterial  mats  collected  from  the 
Caribbean  and  Indo-Pacific  Seas  belong  to  at  least  three  different  taxa,  despite  the  fact  that  the  corals  in  each 
case  exhibit  similar  signs  and  patterns  of  BBD  mat  development. 


Black  band  disease  (BBD)  is  a  globally  distributed  coral 
disease  that  affects  a  variety  of  different  coral  species  (3,  16).  It 
is  manifested  as  a  bacterial  mat,  ranging  from  0.1  mm  to  a  few 
centimeters  wide,  that  migrates  across  infected  corals  at  a  rate 
as  high  as  1  cm/day  from  top  to  bottom,  killing  healthy  tissue 
and  leaving  behind  dead  skeletal  surfaces  stripped  clean  of 
tissue  (3,  13,  15).  Because  BBD  preferentially  infects  massive 
framework-building  corals  (3,  6),  the  aftermath  of  the  disease 
has  a  profound  influence  on  the  ecological  and  geological 
structures  of  coral  reef  ecosystems  (6,  9).  Since  BBD  was  first 
reported  in  the  1970s,  it  has  been  known  that  the  BBD  micro¬ 
bial  mat  is  dominated  by  a  filamentous  cyanobacterium  (2,  3) 
that  was  originally  optically  identified  as  Oscillaloria  submem- 
branaceae  (3)  and  later  reclassified  as  Phormidium  corallyticum 
(16).  P.  corallyticum  has  been  the  focus  of  many  BBD  studies 
(9,  13,  14,  15)  and  has  also  been  proposed  to  be  the  disease 
pathogen  (16).  However,  it  has  not  yet  been  proven  by  a  sys¬ 
tematic  fulfillment  of  Koch’s  postulates  that  P.  corallyticum  is  a 
BBD  pathogen.  P.  corallyticum  cyanobacteria  create  a  ropy 
network  that  structurally  supports  the  BBD  mat  and  houses  a 
complex,  phylogenetically  diverse  community  of  at  least  40 
species  of  bacteria  (8).  Moreover,  the  microbial  consortium  of 
the  BBD  mat  is  92%  distinct  from  the  microbial  communities 
that  inhabit  overlying  seawater,  healthy  coral  tissue,  and  dead 
coral  surfaces  (8).  Cyanobacteria  produce  low-molecular- 
weight  toxins  that  can  kill  fish  and  other  animals  during  bac¬ 
terial  blooms  (4).  However,  as  a  group,  cyanobacteria  have  not 
generally  been  considered  to  be  associated  with  the  infection 
of  eukaryotic  tissue.  Prior  to  the  present  study,  culture-inde¬ 
pendent  molecular  techniques  have  not  specifically  targeted 
the  filamentous  cyanobacteria  associated  with  BBD.  There¬ 
fore,  it  is  unknown  whether  BBD  mats  growing  on  infected 
coral  surfaces  in  different  ocean  basins  actually  contain  the 
same  species  of  cyanobacteria.  Difficulties  in  growing  pure 
cultures  of  BBD  cyanobacteria  have  proven  to  be  a  significant 
obstacle  to  completing  the  16S  rRNA  gene  sequence  for  iden¬ 
tification  purposes.  The  goal  of  the  present  study  was  to  de- 
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termine  the  phylogenetic  identity  of  the  cyanobacteria  that 
volumetrically  dominate  BBD  mats  and  to  determine  whether 
a  single  species  occurs  on  the  coral  reefs  within  an  ocean  basin 
and  on  those  in  different  ocean  basins. 

Phylogenetic  diversity  of  cyanobacteria  present  in  BBD. 
Comparative  analyses  were  performed  on  BBD  mat  samples 
collected  from  infected  corals  at  three  different  locations  along 
the  southwestern  coast  of  Curasao,  Netherlands  Antilles,  in 
the  Caribbean  Sea,  and  at  two  different  locations  on  the  north¬ 
ern  coast  of  New  Britain,  Papua  New  Guinea,  in  the  Indo- 
Pacific  Sea.  On  Curasao,  samples  were  collected  from  three 
back  reef  sites  at  water  depths  of  4  to  5  m  along  the  southern 
coast  of  the  island  in  August  2000  and  in  January  and  August 
2001.  These  sites  included  the  sea  aquarium,  the  water  plant, 
and  Playa  Kalki  (Fig.  1).  On  New  Britain,  BBD  mat  samples 
were  collected  from  an  equivalent  back  reef  environment  off 
the  northern  coast  at  Father’s  Reef  (Fig.  1)  at  a  water  depth  of 
5  m  in  August  2000.  A  natural  segregation  of  coral  species 
exists  between  the  Caribbean  and  Indo-Pacific  Seas;  the  frame¬ 
work-building  corals  of  the  Caribbean  belong  to  the  family 
Faviidae ,  and  those  in  the  Indo-Pacific  belong  to  the  family 
Poritidae  (17).  Samples  were  taken  from  actively  migrating 
BBD  mats  on  12  different  coral  colonies  representing  four 
different  coral  species.  These  included  three  coral  species  from 
Curasao  (six  colonies  of  Diploria  strigosa ,  two  colonies  of  Mon- 
lastrea  cavernosa ,  and  one  colony  of  Montastrea  annularis)  and 
one  coral  species  from  New  Britain  (two  colonies  of  Porites 
lutea).  Only  two  cases  of  BBD  were  observed  on  New  Britain 
corals  along  almost  1,200  km  of  coastline,  while  over  50  cases 
of  BBD  were  observed  on  Curasao  corals  along  only  50  km  of 
coastline  (7).  In  addition,  a  nonaxenic  culture  of  P.  corallyticum 
provided  by  L.  Richardson  (Florida  International  University, 
Miami)  and  collected  in  the  Florida  Keys  was  analyzed.  Finally, 
data  from  samples  taken  from  two  other  locations  each  in  the 
Caribbean,  Barbados,  and  the  U.S.  Virgin  Islands  (5)  were 
compared  with  the  results  obtained  in  the  present  work. 

Visual  analyses  of  our  samples  by  fluorescence  and  scanning 
electron  microscopies  confirmed  the  dominance  of  a  filamen¬ 
tous  cyanobacterium  in  each  BBD  mat  sample  (16).  Although 
the  bacterium  thought  responsible  for  BBD  had  been  optically 
identified  previously  as  P.  corallyticum  (16),  recent  16S  rRNA 
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FIG.  1.  Map  of  sampling  sites  on  the  islands  of  Curasao,  Nether¬ 
lands  Antilles,  and  New  Britain.  Papua  New  Guinea. 


gene  analyses  of  BBD  mats  did  not  detect  the  genus  Phor- 
midium  in  either  healthy  or  BBD-infected  coral  tissues  (5,  8). 
The  molecular  sampling,  extraction,  cloning,  and  sequencing 
techniques  used  in  this  study  have  been  presented  previously 
(8).  In  the  present  study,  two  sets  of  primers  specific  for  the 
cyanobacterial  16S  rRNA  gene  (11)  were  used  on  environmen¬ 
tal  BBD  mat  samples  that  contained  complex  microbial  com¬ 
munities.  In  addition,  terminal  restriction  fragment  length 
polymorphism  (T-RFLP)  analyses  of  PCR  products  obtained 
by  using  one  set  (CYA106)  of  cyanobacterium-specific  primers 
used  previously  (10)  provided  relative  estimates  of  the  most 
abundant  cyanobacterium  present  in  selected  samples  of  the 
BBD  mat. 

A  total  of  31  clones  from  the  six  colonies  of  D.  strigosa ,  8 
clones  from  the  two  colonies  of  M.  cavernosa ,  and  8  clones 
from  the  one  colony  of  M.  annularis  yielded  identical  16S 
rRNA  gene  sequences,  regardless  of  the  coral  species  sampled 
and  its  location.  Sequences  ranging  from  300  to  600  bp  were 
used  for  the  analysis.  A  partial  gene  sequence  for  this  cya¬ 
nobacterium  had  previously  been  reported  and  designated 
CDlCll  (8)  (Fig.  2).  A  new  sequence  has  been  identified  in 
the  present  study  from  both  of  the  cases  of  BBD  observed  in 
New  Britain,  and  this  done  is  herein  designated  PNG-50.  The 
relative  abundance  of  cyanobacterium  CDlCll  and  PNG-50  in 
each  BBD  mat  was  determined  by  T-RFLP  analyses  as  de¬ 
scribed  previously  (10).  T-RFLP  analyses  were  applied  in  this 
study  to  assess  the  relative  abundance  of  microorganisms.  The 
results  indicate  that  the  sequences  obtained  for  the  cyanobac¬ 
terial  clones  CDlCll  and  PNG-50  are  the  most  abundant  in 
the  BBD  mats.  The  use  of  cyanobacterium-specific  primers 


proves  that  this  result  is  not  the  product  of  random  amplifica¬ 
tion  of  some  other  cyanobacterial  16S  rRNA  genes.  The  for¬ 
ward  primer  was  labeled  at  the  5'  end  with  6-carboxy fluores¬ 
cein.  Aliquots  of  amplified  16S  rRNA  genes  were  digested  with 
Hhah  Rsa\ ,  and  Mspl.  The  actual  sizes  of  the  peaks  obtained  by 
T-RFLP  were  compared  with  the  expected  sizes  generated  by 
a  theoretical  digest  of  the  previously  obtained  sequences  from 
CDlCll  and  PNG-50.  These  analyses  document  that  with  re¬ 
spect  to  the  cyanobacterial  portion  of  the  community,  CD1C1 1 
and  PNG-50  were  the  most  abundant  (10)  cyanobacteria  found 
in  the  BBD  mats  collected  from  the  Caribbean  and  Indo- 
Pacific  reefs,  respectively  (Fig.  3).  Furthermore,  samples  from 
the  Caribbean  showed  the  presence  of  at  least  four  additional 
types  of  cyanobacteria  at  much  lower  concentrations  than  that 
of  CDlCll.  Samples  from  the  Indo-Pacific  showed  the  pres¬ 
ence  of  at  least  six  other  types  of  cyanobacteria,  and  two  of 
these  were  present  in  high  concentrations. 

Phylogenetic  analysis  of  the  samples  was  performed  by  using 
the  program  CLUSTALX  to  align  the  sequences.  Phylogenetic 
analysis  and  trees  were  generated  by  using  the  program  PAUP. 
Trees  were  constructed  by  parsimony  analysis  by  bootstrapping 
10,000  trees  from  resampled  data.  Results  of  the  phylogenetic 
analyses  showed  that  the  16S  rRNA  gene  sequence  from  clone 
CDlCll  was  98%  similar  to  cyanobacterial  sequence  128-56. 
This  uncultured  cyanobacterium  has  been  reported  to  be 
present  in  BBD  mats  on  D.  strigosa  and  M.  annularis  in  other 
Caribbean  sites,  including  Barbados  and  the  U.S.  Virgin  Is¬ 
lands  (5).  This  relationship  is  supported  by  a  100%  bootstrap 
correlation  of  the  phylogenetic  trees.  In  addition,  cyanobacte¬ 
rium  CDlCll  and  cyanobacterium  128-56  form  a  cluster  with 
Oscillatoria  corallinae ,  a  marine  benthic  strain  isolated  from 
the  surface  of  a  worm  tube  whose  sequence  was  supported  in 
only  60%  of  the  bootstrap  trees.  Importantly,  sequences  from 
two  marine  Phorrnidium  species  appear  to  be  more  distantly 
related  to  this  Oscillatoria  strain  than  to  each  other  (Fig.  2), 
which  suggests  the  need  for  future  reclassification  of  P.  coral - 
lyticum  as  a  member  of  the  genus  Oscillatoria . 

In  addition,  the  14  clones  obtained  from  the  nonaxenic  cul¬ 
ture  of  P.  corallyticum ,  herein  called  cyanobacterium  LR-3L 
(5),  yielded  unique  sequences  that  were  not  affiliated  with 
cyanobacteria  detected  at  other  sites  in  the  Caribbean  and 
Indo-Pacific  Seas.  However,  the  bootstrap  values  supporting 
the  separation  of  these  branch  points  were  only  9  and  24% 
(Fig.  2).  The  closest  related  genus  to  cyanobacterium  LR-3L 
was  Geitlerinema ,  which  also  belongs  to  the  order  Oscillatoria- 
les ,  in  which  P.  corallyticum  has  been  grouped.  Identical  phy¬ 
logenetic  relationships  for  cyanobacterium  LR-3L  have  previ¬ 
ously  been  reported  (5).  Eleven  clones  generated  from  BBD 
mats  collected  in  the  Indo-Pacific  Sea  yielded  gene  sequences, 
herein  designated  PNG-50,  that  are  affiliated  with  a  different 
genus  of  filamentous  cyanobacterium  which  is  closely  related 
to  Trichodesmium  spp.  These  results  indicate  that  at  least  three 
taxonomically  distinct  filamentous  cyanobacteria — two  taxa 
from  the  Caribbean  Sea  and  one  taxon  from  the  Indo-Pacific 
Sea — are  associated  with  the  BBD  mats  that  were  analyzed. 

Cyanobacterium  CDlCll  was  the  most  common  cyanobac¬ 
terium  detected  in  Caribbean  corals  in  this  study,  occurring  in 
three  of  the  four  sample  sites  analyzed.  The  presence  or  ab¬ 
sence  of  this  cyanobacterium  does  not  appear  to  be  coral 
species  specific.  The  absence  of  CDlCll  sequences  in  the 
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FIG.  2.  Phylogenetic  consensus  tree  based  on  parsimony  analysis  of  16S  rRNA  gene  sequences  of  BBD  cyanobacteria  and  other  cyanobacteria. 
The  tree  is  based  on  sequences  of  300  to  600  bp  in  length.  These  represent  a  total  of  31  clones  from  six  colonies  of  D.  strigosa,  8  clones  from  two 
colonies  of  M.  cavernosa ,  and  8  clones  from  one  colony  of  M.  annularis.  The  numbers  at  the  nodes  are  the  bootstrap  values  based  on  a  total  of 
10,000  replicate  resamplings.  GenBank  accession  numbers  are  included.  The  underlined  strains  represent  marine  Phormidium  spp. 


BBD  mat  samples  from  New  Britain,  as  well  as  its  presence  in 
all  but  one  sample  from  the  Caribbean,  suggests  that  the  cya¬ 
nobacteria  associated  with  BBD  may  have  distinct  geographic 
distributions.  If  that  is  the  case,  this  biogeographic  distribution 
is  significantly  different  from  that  observed  for  Trichodesmium , 
one  of  the  most  abundant  genera  of  filamentous  cyanobacteria 
in  the  world’s  oceans.  Trichodesmium  spp.  from  the  Indian 


Ocean,  the  Caribbean  Sea,  and  the  Indo-Pacific  Sea  exhibit 
essentially  identical  16S  rRNA  gene  sequences  (12).  The  phy¬ 
logenetic  diversity  of  cyanobacteria  associated  with  BBD  may 
therefore  at  least  partially  explain  the  variable  environmental 
conditions  in  which  BBD  has  been  observed  (1).  Little  is 
known  about  the  environmental  factors  that  lead  to  the  devel¬ 
opment  of  BBD.  The  genetic  diversity  among  the  cyanobacte- 


2412 


FRIAS-LOPEZ  ET  AL. 


Appl.  Environ.  Microbiol. 


FIG.  3.  Results  of  T-RLFP  analysis  of  BBD  samples  from  Curasao 
(top)  and  New  Britain  (bottom)  by  using  specific  primers  for  the 
cyanobacteria!  16S  rRNA  gene.  PCR  analyses  of  products  from  the 
BBD  mats  were  obtained  by  using  the  primers  indicated  in  the  text  for 
amplifying  cyanobacterial  16S  rRNA  genes. 


ria  that  are  part  of  the  BBD  mat  is  a  new  discovery  that  may 
help  explain  why  BBD  has  been  observed  under  many  different 
environmental  conditions  (1,  7,  14).  BBD  may  be  a  conse¬ 
quence  of  combined  coral  and  microbial  responses  to  environ¬ 
mental  stress.  Each  of  the  different  cyanobacteria  that  we  have 
detected  may  have  a  different  environmental  tolerance  with 
regard  to  temperature,  heavy  metal  contamination,  organic 
pollution,  and  other  factors. 

Occurrence  of  cyanobacterium  CD  ID  11  on  healthy  coral 
tissues,  BBD  mats,  dead  coral  surfaces,  and  overlying  seawa¬ 
ter.  Questions  about  how  BBD  is  transmitted  and  what  the 
natural  habitat  for  cyanobacterium  CD1D11  is  remain  unan¬ 
swered.  One  previous  study  that  used  microscopy  to  detect  P. 
corallyticum  showed  that  this  cyanobacterium  is  present  in 
healthy  corals,  although  at  a  low  frequency  (14).  The  sequence 
for  CD1C11  was  used  in  the  present  study  as  a  template  for 
designing  primers  to  make  PCR  a  more  sensitive  method  to 
detect  the  presence  of  this  cyanobacterium  in  different  marine 
subenvironments  (including  overlying  seawater,  healthy  coral 
tissues,  BBD  mats,  and  dead  coral  surfaces)  and  therefore 
better  elucidate  its  potential  source  (8).  We  chose  this  se¬ 
quence  because  it  was  detected  in  all  of  our  BBD  samples  from 
the  Caribbean  Sea  and  because  its  presence  has  now  been 
reported  in  two  other  Caribbean  locations  (5).  The  specific 
primers  used  for  detecting  P.  corallyticum  were  PhcF  (5'-CTG 
TAGGTGGCCAGCT-3')  and  PhcR  (5'-TTCCCTTCGCAG 
GTTCGCTGC-3').  The  specificity  of  these  primers  was  tested 
by  comparing  them  to  a  clone  library  of  several  representative 
cyanobacterial  16S  rRNA  gene  sequences,  including  clones 
CD1C11,  PNG-50,  and  LR-3L  (Fig.  2).  Results  indicated  that 
the  primers  amplified  DNA  exclusively  from  clone  CD1C11. 
The  conditions  for  PCR  have  been  described  previously  (8).  A 
total  of  33  different  samples  were  analyzed.  All  BBD  mat 
samples  except  for  the  New  Britain  samples  were  positive  for 
the  presence  of  clone  CD1C11  (Table  1).  In  the  case  of  the 
dead  zone  left  behind  by  the  BBD  mat,  half  of  the  samples 
analyzed  were  positive  for  the  presence  of  clone  CD1C11. 
Plowever,  none  of  the  healthy  coral  species  or  the  seawater 
analyzed  gave  a  positive  result.  This  low  frequency  of  occur¬ 
rence  of  CD1C11  agreed  with  previous  results  (14).  Whatever 


TABLE  1.  Occurrence  of  cyanobacterium  CD1C11  in  different 
coral  samples  and  seawater 


No.  of 
samples 

Positivity 

for  CD1C11 

Coral  and  condition  or  seawater 

No.  Of 

Frequency 

samples 

(%) 

Montastrea  cavernosa ,  BBD  infected 

2 

2 

100 

Montastrea  annularis ,  BBD  infected 

1 

1 

100 

Diplona  strigosa ,  BBD  infected 

6 

6 

100 

Ponies  lutea,  BBD  infected 

1 

0 

0 

Momastrea  cavernosa ,  BBD 

1 

0 

0 

infected,  healthy 

Montastrea  annularis ,  healthy 

3 

0 

0 

Diploria  strigosa ,  healthy 

3 

0 

0 

Porites  lutea ,  healthy 

3 

0 

0 

Porites  furcata,  healthy 

2 

0 

0 

Porites  astreoides ,  healthy 

1 

0 

0 

Montastrea  annular is ,  dead 

1 

1 

100 

Montastrea  cavernosa ,  dead 

1 

1 

100 

Diploria  strigosa,  dead 

3 

1 

33 

Porites  astreoides ,  dead 

1 

0 

0 

Seawater 

4 

0 

0 

the  natural  habitat  for  CD1C11  might  be,  its  presence  in  the 
different  marine  environments  sampled  appeared  to  be  at  low 
concentrations  except  when  growing  in  the  BBD  mat. 

Conclusion.  It  had  previously  been  hypothesized  that  a  sin¬ 
gle  cyanobacterial  species  was  the  primary  microbial  constitu¬ 
ent  of  BBD  mats.  The  present  work  shows  that  more  than  one 
species  of  cyanobacteria  constitute  BBD  mats  and  that  these 
species  differ  not  only  between  the  Caribbean  and  Indo-Pacific 
Seas  but  also  within  the  Caribbean  Sea.  In  the  Caribbean,  each 
of  the  cyanobacteria  is  present  on  multiple  coral  species  of  the 
family  Faviidae  that  are  infected  with  BBD.  These  results  pro¬ 
vide  the  microbial  baseline  needed  for  future  studies  that  will 
attempt  to  identify  environmental  controls  of  BBD  transmis¬ 
sion  through  seawater  and  the  resulting  initiation  and  devel¬ 
opment  of  infection  on  healthy  corals. 
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RNA-arbitrarily  primed  PCR  techniques  have  been  applied  for  the  first  time  to  identify  differential  gene 
expression  in  black  band  disease  (BBD),  a  virulent  coral  infection  that  affects  reef  ecosystems  worldwide.  The 
gene  activity  for  the  BBD  mat  on  infected  surfaces  of  the  brain  coral  Diploria  strigosa  was  compared  with  that 
for  portions  of  the  BBD  mat  that  were  removed  from  the  coral  and  suspended  nearby  in  the  seawater  column. 
The  results  obtained  indicate  that  three  genes  (DD  95-2,  DD  95-4,  and  DD  99-9)  were  up-regulated  in  the  BBD 
bacterial  mat  on  the  coral  surface  compared  to  the  transcript  base  levels  observed  in  the  BBD  mat  suspended 
in  seawater.  Clone  DD  95-4  has  homology  with  known  amino  acid  ABC  transporter  systems  in  bacteria,  while 
clone  DD  99-9  exhibits  homology  with  chlorophyll  A  apoprotein  A1  in  cyanobacteria.  This  protein  is  essential 
in  the  final  conformation  of  photosystem  I  P700.  DD  95-2,  the  only  gene  that  was  fully  repressed  in  the  BBD 
mat  samples  suspended  in  seawater,  exhibited  homology  with  the  AraC-type  DNA  binding  domain-containing 
proteins.  These  transcriptional  activators  coordinate  the  expression  of  genes  essential  for  virulence  in  many 
species  of  gram-negative  bacteria. 


Coral  reefs  are  important  reservoirs  of  biodiversity  in  oce¬ 
anic  environments  and  thus  are  used  as  a  sensitive  indicator  of 
environmental  change  (23,  39).  The  number  and  incidence  of 
diseases  that  affect  corals  around  the  world  have  dramatically 
increased  over  the  last  four  decades  (21).  As  evidence  of  this 
worldwide  degradation  of  coral  reef  ecosystems  mounts,  inter¬ 
est  in  identifying  the  etiological  agents  of  infectious  disease  in 
scleractinian  corals  continues  to  intensify  (21,  39) 

Black  band  disease  (BBD)  is  among  the  most  important  of 
the  globally  distributed  coral  diseases  known  today,  yet  the 
environmental  conditions  leading  to  BBD  infection  are  still  not 
well  understood  (34).  BBD  results  from  the  rapid  migration  of 
a  complex  mat  of  microorganisms  across  the  surface  of  scler¬ 
actinian  coral  colonies;  this  mat  lyses  healthy  coral  tissue  and 
leaves  dead  coral  skeleton  behind  (2,  34).  BBD  preferentially 
affects  massive-framework-building  coral  species  that  serve  as 
the  ecological  cornerstone  of  reefs.  Therefore,  BBD  is  an  im¬ 
portant  agent  in  altering  coral  reef  ecosystems. 

Although  BBD  is  a  polymicrobial  disease  (34,  35),  the  pop¬ 
ulation  of  bacteria  growing  in  the  BBD  biofilm  is  composed 
primarily  of  large  filamentous  cyanobacteria  previously  opti¬ 
cally  identified  as  the  single  species  Phormidium  corallyticum 
and  recently  identified  as  multiple  species  by  molecular  tech¬ 
niques  (14,  18).  Several  previous  studies  have  suggested  that 
these  cyanobacteria  are  the  BBD  pathogens  (40).  However, 
the  culturing  of  these  cyanobacteria  has  proved  difficult  (23, 
33),  thus  preventing  tests  to  fulfill  Koch’s  postulates  to  deter¬ 
mine  BBD  pathogenicity  (34). 

The  aim  of  the  present  study  was  to  better  understand  BBD 
pathogenesis  by  analyzing  bacterial  gene  expression  in  the 
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BBD  mat  consortia  by  RNA-arbitrarily  primed  PCR  (RAP- 
PCR)  (5,  9,  16,  43).  This  analysis  was  done  by  characterizing 
abundant  mRNAs  expressed  by  bacteria  inhabiting  the  BBD 
mat  on  infected  surfaces  of  the  brain  coral  Diploria  strigosa  and 
comparing  the  resulting  expression  profile  with  that  for  sam¬ 
ples  of  the  BBD  mat  that  were  removed  from  the  infected  coral 
and  suspended  nearby  in  the  open  seawater  column.  These 
results  demonstrate  the  great  potential  of  the  use  of  mRNA 
methodologies,  typically  reserved  for  pure  cultures,  to  unravel 
differential  gene  expression  in  complex  mixed  bacterial  com¬ 
munities  and  to  identify  differentially  expressed  genes  under 
different  environmental  conditions.  At  least  three  genes  were 
up-regulated  in  the  BBD  bacterial  mat  on  the  coral  surface 
compared  to  the  transcript  base  levels  observed  in  the  BBD 
mat  suspended  in  seawater. 


MATERIALS  AND  METHODS 

Sample  collection.  Sampling  was  conducted  by  using  standard  scuba  tech¬ 
niques  on  the  leeward  coral  reefs  of  the  island  of  Curasao,  Netherlands  Antilles. 
Colonies  of  D.  sirigosa  exhibiting  the  distinct  BBD  ring  were  sampled  at  water 
depths  of  approximately  3  m  in  the  back  reef  facies  of  the  water  plant  reef  ( 17. 
18).  Portions  of  active  BBD  mats  were  physically  peeled  off  the  infected  coral 
surfaces  with  forceps  and  placed  in  50-ml  Falcon  tubes  filled  with  seawater.  An 
additional  sample  of  BBD  mat  was  then  placed  into  either  a  50-ml  perforated 
polypropylene  centrifuge  tube  or  a  18-cm-long  polyvinyl  chloride  pipe  (inside 
diameter,  5.2  cm)  with  a  solid  cap  at  one  end  and  a  20-p<m-mesh  screen  at  the 
other  end  to  allow  the  free  flow  of  w'ater.  The  lube  was  suspended  in  seawater  30 
cm  to  1  m  from  the  coral  head  from  which  samples  were  taken  and  oriented  with 
the  transparent  screen  facing  slayward  to  allow  light  into  the  tube.  This  sample 
tube  was  left  suspended  for  3  days.  Immediately  upon  reaching  the  surface,  the 
in  situ  and  seawater-suspended  BBD  mat  samples  were  decanted  to  remove  the 
seawater  and  the  mat  samples  were  immersed  in  RNAIater  (Ambion.  Austin. 
Tex.).  For  each  pairing  of  samples,  the  exposure  was  carried  out  simultaneously. 
All  samples  were  then  immediately  frozen  at  -20°C.  Subsamples  of  the  bacterial 
mats  growing  on  corals  and  suspended  in  seawater  were  preserved  in  80% 
ethanol  at  -20°C  for  use  in  the  analysis  of  bacterial  communities. 

Analysis  of  bacterial  communities  during  infection  and  after  suspension  in 
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TABLE  1.  Random  primers  used  for  RAP-PCR  analysis  of  BBD  samples 


Sequence 

Primer  name 

Reference 

CT  G  CTT  GAT  G  AAA 

R1 

J.  T.  Flemming,  personal  communication 

CTGCTTGATGAAC 

R2 

J.  T.  Flemming,  personal  communication 

CTGCTTGATGAAG 

R3 

J.  T.  Flemming,  personal  communication 

TGAGCGGACA 

Lnr81 

38 

TCGCCGCAAA 

Lnr97 

38 

CAGCCCAGAG 

Lnr95 

38 

TCGTGCGGGT 

Lnr99 

38 

AAGCTTTGGTCAG 

H-AP3 

7 

AAGCTTAGTAGGC 

H-AP5 

7 

GCCGGAGCTCNNNN 

RP-1 

This  study,  based  on  reference  20 

GCCGGAGCTCNNN 

RP-2 

This  study,  based  on  reference  20 

GCCGGAGCTCNN 

RP-3 

This  study,  based  on  reference  20 

seawater.  Differences  found  in  the  mRNA  profiles  of  two  complex  microbial 
communities  could  arise  either  from  changes  in  gene  expression  levels  or  from 
differences  in  community  compositions.  To  characterize  and  compare  the  com¬ 
position  of  bacteria  inhabiting  BBD  infectious  in  situ  mat  communities  with  that 
of  suspended  BBD  mat  communities,  we  used  terminal-restriction  fragment 
length  polymorphism  (T-RFLP)  analysis.  The  DNA  extraction  and  T-RFLP 
protocols,  according  to  those  presented  by  Frias-Lopez  et  al.  (18,  19),  are  briefly 
described  here.  The  universal  bacterial  oligonucleotide  primers  used  in  the  PCR 
amplifications  were  obtained  from  Integrated  DNA  Technologies  (Coraiville, 
Iowa).  These  primers  were  Univ9F  (5'-GAGTTf GATYMTGGCTC)  and  the 
reverse  primer  Univl509R  (5'-GYTACCTTGTTACGACTT).  Reaction  mix¬ 
tures  included  20  pJ  of  TaqMaster  buffer  (an  agent  which  improves  the  thermo¬ 
stability  and  processivity  of  the  polymerase),  10  pJ  of  Taq  Reaction  buffer 
containing  15  mM  MgCL  (Eppendorf,  Westbury,  N.Y.),  8  pJ  of  deoxynucleoside 
triphosphate  (dNTP)  mix  (each  dNTP  at  2.5  mM;  Gibco/BRL.  Rockville,  Md.), 
I  p,l  each  of  forward  and  reverse  primers  (200  ng  each).  5  to  30  p.1  of  the  sample 
preparation,  and  water  to  bring  the  total  volume  to  99.5  p.1.  Some  reactions  were 
layered  beneath  50  pi  of  mineral  oil  (Sigma,  St.  Louis.  Mo.).  An  initial  denatur- 
ation-hot  start  of  5  min  al  95°C  was  followed  by  the  addition  of  0.5  p!  (approx¬ 
imately  2  U)  of  MasterTaq  polymerase  (Eppendorf)  or  Taq  DNA  polymerase 
(Gibco/BRL).  The  hot  start  was  followed  by  30  or  35  cycles  of  94°C  for  1  min, 
55°C  for  1  min,  and  72°C  for  2  min.  A  final  soak  at  72°C  for  5  min  concluded  the 
reaction. 

PCR  products  were  cleaned  up  with  the  Wizard  PCR  Prep  kit  (Promega, 
Madison,  Wis.)  and  eluted  with  30  pi  of  water.  Ten  microliters  of  clean  DNA  was 
aliquoted  into  each  of  three  tubes,  and  restriction  digests  were  performed  with 
Rsal.  Hhal.  or  Mspl.  The  final  volume  of  each  digest  mixture  was  20  pi.  At  least 
300  ng  of  total  DNA  per  digestion  was  used.  Tubes  were  incubated  overnight  at 
37°C  and  then  covered  with  aluminum  foil  and  kept  at  -20°C. 

Prior  to  loading  on  an  acrylamide  gel,  1  pi  of  sample  was  added  to  a  loading 
cocktail  (1.25  pi  of  deionized  formarmde,  0.25  pi  of  blue  loading  dye.  0.3  pi  of 
size  standard  TAMRA  2500).  This  procedure  was  repeated  for  each  sample  in 
separate  tubes.  These  preparations  were  mixed  and  then  denatured  at  95°C  for 
3  min.  Samples  where  then  loaded  onto  a  5%  Long  Ranger  (proprietary  acryl¬ 
amide  formula  from  BioWhittaker)  and  7  M  urea  gel  and  separated  by  electro¬ 
phoresis  by  using  an  Applied  Biosystems,  Inc.  (ABI).  377-XL  sequencer  and  a 
run  time  of  5  h.  Results  were  analyzed  with  the  ABI  GeneScan  software. 

RNA  isolation.  BBD  mat  samples  initially  preserved  in  RNA  were  later  trans¬ 
ferred  to  a  2-ml  screw-cap  tube  containing  1  m!  of  Trizol  reagent  (Invitrogen, 
Carlsbad.  Calif.)  and  300  pi  of  0.1-mm-diameter  zirconia-silica  beads.  The  sam¬ 
ples  were  kept  on  ice  during  the  entire  procedure  to  prevent  RNA  degradation. 
Samples  were  mechanically  disrupted  in  a  Mini  Beadbeater-8  (Biospec  Products, 
Bartlesville,  Okla.)  at  maximum  speed  for  30  s,  followed  by  three  cycles  of 
freezing  and  thawing  al  -80  and  65°C,  respectively. 

After  disruption,  samples  were  vortexed  and  incubated  on  ice  for  5  min.  Two 
hundred  microliters  of  chloroform  was  added  to  the  homogenate,  and  the  tubes 
were  shaken  vigorously  for  15  s  and  then  incubated  on  ice  for  3  min.  Samples 
next  underwent  centrifugation  at  14.000  x  g  for  15  min  at  4°C.  The  aqueous 
phase  was  transferred  to  a  new  tube,  and  the  same  volume  of  isopropanol  was 
added.  Samples  were  incubated  for  1  h  at  room  temperature,  then  centrifuged  at 
14,000  x  g  for  15  min  at  4°C,  and  then  washed  once  with  75%  ethanol.  Total 
RNA  was  resuspended  in  diethyl  pyrocarbonate  water  and  RNAsec/zrc  reagent 
(Ambion).  The  isolate  total  RNA  was  treated  with  the  DNA/ree  kit  according  to 
the  manufacturer's  instructions  (Ambion)  and  checked  for  the  presence  of  re¬ 


maining  DNA.  RNA  samples  were  run  in  a  formaldehyde  gel  to  check  the 
integrity  of  the  RNA.  Samples  with  DNA  or  degraded  RNA  were  excluded  from 
further  analysis. 

Arbitrarily  primed  PCR.  cDNA  synthesis  was  carried  out  immediately  after 
RNA  isolation.  First-strand  synthesis  was  performed  by  using  ImPromll  (Pro¬ 
mega).  random  hexamers  (Promega).  and  random  decamers  RETROscript  (Am¬ 
bion)  as  primers.  The  protocol  was  performed  according  to  the  manufacturer's 
instructions.  Between  500  ng  and  2  p,g  of  sample  was  used,  depending  on  the 
experiment.  Primers  (random  hexamers  or  random  decamers)  were  added  at  0.5 
p,g  up  to  a  final  volume  of  5  p.1.  Samples  were  incubated  in  a  Mastercycler 
gradient  thermocycler  (Eppendorf)  at  70°C  for  5  min  followed  by  a  quick  chill  at 
4°C  for  5  min.  This  5-pJ  reaction  mixture  was  used  in  a  20-pJ  (total  volume) 
cDNA  synthesis  reaction  mixture  comprising  4  p,l  of  Improm-11  5X  reaction 
buffer  (Promega).  2.4  jxl  MgCL  at  25  mM  (final  concentration.  3  mM),  1  pj  of 
dNTP  mix  (each  dNTP  at  10  mM;  final  concentration.  0.5  mM),  0.5  jjlI  of  Rnasin 
RNase  inhibitor  (Promega).  0.5  pJ  of  DNAyecurt'  reagent  (Ambion),  and  1  p,l  of 
Improm-II  reverse  transcriptase  (Promega).  The  synthesis  reactions  were  per¬ 
formed  with  a  Mastercycler  gradient  thermocycler  (Eppendorf)  by  using  anneal¬ 
ing  at  25°C  for  5  min  and  extension  of  the  first  strand  for  60  min  at  37°C.  Parallel 
negative  controls  consisted  of  exactly  the  same  mix  except  that  water  was  sub¬ 
stituted  for  the  RNA  sample.  One  microliter  of  the  first-strand  cDNA  was  then 
used  to  perform  the  PCR  amplification.  Oligonucleotides  were  obtained  from 
Integrated  DNA  Technologies  (Table  1).  Reaction  mixtures  included  5  p.1  of  Taq 
reaction  buffer.  1.5  p,l  of  25  mM  magnesium  acetate  (Eppendorf).  4  pj  of  dNTP 
mix  (each  dNTP  at  2.5  mM;  Gibco/BRL).  2  pJ  of  the  random  primer  (200  ng), 
1  pd  of  the  cDNA  sample,  and  water  to  bring  the  total  volume  to  50  pT  The  hot 
start  was  followed  by  between  45  and  50  cycles  of  94°C  for  1  min,  40°C  for  1  min. 
and  72°C  for  2  min.  A  final  soak  at  72°C  for  5  min  concluded  the  reaction.  In  all 
cases,  reactions  were  performed  in  duplicate. 

Identification  of  differentially  expressed  genes.  Differences  in  gene  expression 
for  in  situ  and  suspended  samples  of  BBD  mats  were  detected  by  comparing 
side-by-side  samples  of  RAP-PCR  products.  These  products  were  electropho- 
resed  either  in  2.0%  high-resolution  agarose  Agarose-HR  (Ambion)  or  in  a  6% 
polyacrylamide  gel  under  native  conditions.  Only  bands  present  in  two  separate 
RAP-PCRs  were  analyzed.  Bands  obtained  from  agarose  gels  were  passed 
through  a  250-  to  300-p,m-diameter  glass  bead  (Sigma)  column  and  purified  by 
using  the  PCR  Prep  kit  (QIAGEN,  Alameda.  Calif.).  DNA  from  bands  excised 
from  the  polyacrylamide  gel  was  eluted  as  follows.  Two  hundred  microliiers  of 
crush-and-soak  solution  (0.5  M  ammonium  acetate.  0.1%  sodium  dodecyl  sul¬ 
fate,  0.1  mM  EDTA)  was  added,  and  the  acrylamide  was  crushed  and  incubated 
overnight  at  37°C.  The  following  day.  tubes  were  spun  down  for  10  min  at  14.000 
rpm.  The  supernatant  was  removed,  another  200  |xl  of  crush-and-soak  solution 
was  added,  the  spin  was  repeated,  and  the  recovered  supernatant  was  pooled 
with  the  initial  supernatant  fraction.  DNA  was  then  precipitated  and  recovered. 
In  order  to  clone  the  eluted  bands  into  the  pGEM-T  vector,  the  DNA  was 
incubated  for  10  min  at  72°C  in  the  presence  of  Taq  polymerase  and  dATP  (2.5 
mM).  The  gel-purified  PCR  product  was  cloned  into  the  pGEM-T  vector  (Pro¬ 
mega)  and  transformed  into  calcium  chloride-competent  DH5aMCR  Esche¬ 
richia  coli  cells  by  using  the  manufacturer  s  instructions  and  standard  techniques 
(41).  Clones  were  checked  for  the  presence  of  the  insert  by  PCR  with  the 
universal  primers  M13  (position  -21)  and  T7  (position  -26).  An  (RFLP)  anal¬ 
ysis  of  the  products  was  performed  to  determine  identical  patterns.  PCR  prod¬ 
ucts  were  digested  with  Mspl  and  HinPl  enzymes  and  analyzed  in  a  1.6% 
Metaphor  agarose  gel.  Clones  selected  for  sequence  analysis  were  patched  onto 


Vol.  70,  2004 


GENE  EXPRESSION  IN  BLACK  BAND  DISEASE  INFECTION  3689 


Luria  broth  agar  petri  dishes  supplemented  with  100  p-g  of  ampicillin/ml  (Roche 
Molecular  Biochemicals,  Indianapolis,  Ind.)  and  incubated  overnight  at  37°C. 

Inoculations,  cultures.  DNA  preparations,  and  sequence  reactions  were  per¬ 
formed  in  the  High  Throughput  Laboratory  of  the  University  of  Illinois  W  M. 
Keck  Center  for  Comparative  and  Functional  Genomics.  Plates  were  used  to 
inoculate  2-ml  96-well  culture  blocks  containing  Circle  Grow  media  (BiolOO) 
supplemented  with  ampicillin.  Plasmid  template  DNA  was  purified  from  the 
cultures  by  using  an  automated  system  and  the  QIAwell  96  Turbo  prep  BioRobot 
kit  (QIAGEN,  Valencia.  Calif.).  The  first  round  of  sequencing  was  completed  by 
using  the  T7  (position  -26)  primer.  Plasmid  templates  were  prepped  on  a 
QIAGEN  Bio  Robot  9600.  and  Big  Dye  Terminator  Chemistry  (version  2.0) 
from  ABI  was  used  for  sequencing  reactions.  Sequencing  was  performed  with  an 
ABI  3700  capillary  sequencer,  followed  by  processing  at  the  Bioinformatics  Unit 
of  the  W.  M.  Keck  Center. 

Confirmation  of  differential  gene  expression  by  semiquantitative  RT-PCR.  In 

order  to  verify  the  differences  in  gene  expression  of  the  genes  identified  by 
RAP-PCR.  we  performed  reverse  transcript ion-PCR  (RT-PCR)  with  the  origi¬ 
nal  samples  of  RNA  used  for  RAP-PCR.  First-strand  cDNA  was  obtained  as 
described  above  by  using  random  primers  (Promega)  and  l  p,g  of  total  RNA. 
One  microliter  of  cDNA  was  used  as  a  template  for  the  PCR.  with  specific 
primers  being  used  for  each  target  gene.  Different  numbers  of  cycles  were  used 
to  avoid  saturation  of  the  PCR  products.  Only  products  obtained  in  a  number  of 
cycles  below  the  saturation  point  were  used  for  relative  quantification  analysis. 
Analysis  of  the  relative  levels  of  expression  of  each  of  the  bands  obtained  for  the 
different  genes  was  performed  by  using  the  program  ImageJ  1.30v  (Wayne 
Rasband.  National  Institutes  of  Health,  Beihesda.  Md.),  obtained  in  the  public 
domain  (http://rsb.info.nih.gov/ij/Java  1.3.J).  Analyses  were  performed  in  three 
different  independent  experiments  and  in  triplicate  RAP-PCRs. 

Nucleotide  sequence  accession  numbers.  The  GenBank  accession  numbers  for 
the  sequences  generated  in  this  study  are  AY494600  through  AY494604. 


RESULTS 

Bacterial  community  analysis.  Prior  to  the  evaluation  of 
differential  gene  expression,  the  compositions  of  the  microbial 
consortia  comprising  the  in  situ  coral  surface  and  water  col¬ 
umn-suspended  samples  of  the  BBD  bacterial  mats  were  de¬ 
termined.  This  was  an  important  starting  point,  since  BBD  is  a 
polymicrobial  disease,  and  therefore  RNA  was  extracted  from 
a  mixed  population  of  bacteria.  In  both  the  in  situ  and  the 
suspended  samples  of  BBD  mats,  we  obtained  the  same  T- 
RFLP  profile.  This  finding  indicates  that  the  most  abundant 
bacteria  in  both  types  of  BBD  mat  samples  were  the  same  (Fig. 
1).  Therefore,  the  differences  between  RAP-PCR  fingerprint¬ 
ing  profiles  may  be  attributable  to  a  change  in  gene  expression 
rather  than  to  changes  in  the  composition  of  the  bacterial 
communities  comprising  each  BBD  mat  sample  in  our  con¬ 
trolled  experiment. 

RAP-PCR  fingerprinting  of  RNA.  Different  authors  have 
recently  used  RAP-PCR  to  analyze  differences  in  gene  expres¬ 
sion  in  prokaryotes.  However,  all  of  those  experiments  used 
cultures  grown  under  laboratory  conditions  (5,  9,  16,  43).  Be¬ 
cause  our  samples  were  collected  directly  from  the  ocean  en¬ 
vironment,  we  had  to  use  RNAlater  to  preserve  them  before 
analysis.  The  RNA  obtained  from  the  environmental  samples 
was  of  good  quality,  as  shown  in  Fig.  2.  The  first  cDNA  strand 
was  obtained  by  using  either  random  hexamers  or  random 
decamers  as  primers.  In  all  cases,  the  shorter  random  primers 
provided  cDNA  for  a  larger  number  of  different  genes.  In 
combination  with  the  cDNA  products,  a  total  of  12  different 
random  primers  were  used  (Table  1).  Preliminary  results 
showed  that  the  use  of  primers  Lnr95  and  Lnr99  provided  a 
larger  number  of  DNA  bands  as  well  as  a  more  consistent 
pattern,  and  therefore  these  primers  were  used  in  subsequent 
experiments. 


Nonradioactive  methods  have  previously  been  used  success¬ 
fully  to  analyze  differences  in  gene  expression  (1,  6,  10,  38). 
Both  a  high-resolution  agarose  and  a  6%  polyacrylamide  gel 
were  used  with  good  results  to  analyze  RAP-PCR  fingerprint¬ 
ing  results  for  our  samples  (Fig.  3).  Nevertheless,  polyacryl¬ 
amide  gels  were  more  sensitive,  showing  a  larger  number  of 
different  bands.  All  sequences  analyzed  except  one  came  from 
bands  obtained  from  BBD  mats  growing  on  the  coral  during 
infection.  The  number  of  genes  up-regulated  during  infection 
was  always  higher  than  the  number  of  genes  down-regulated, 
and  a  total  of  seven  bands  were  finally  chosen  for  subsequent 
analysis.  These  bands  were  cloned  into  the  pGEM-T  vector 
and  sequenced.  BLASTX  analysis  for  the  fragments  of  DNA 
sequenced  gave  significant  hits  for  five  out  of  six  sequences. 
One  of  the  bands  was  excluded  from  further  analysis  because 
it  was  too  short  and  did  not  give  any  significant  hits  in  the 
database.  The  results  obtained  are  shown  in  Table  2.  Two  of 
the  bands  (clones  DD  95-4  and  DD  99-8)  had  homology  with 
proteins  involved  in  amino  acid  transporters.  DD  95-4  had 
51%  identity  (68%  positives)  with  a  hypothetical  amino  acid 
ABC  transporter  from  Shewanella  oneidensis ,  while  DD  99-8 
had  46%  homology  (70%  positives)  with  a  glutamine-binding 
protein  of  a  member  of  Archaea ,  Methanosarcina  mazei.  None¬ 
theless,  the  rest  of  the  hits  for  DD  99-8  had  homology  with 
amino  acid  ABC  transporters  in  bacteria  with  homologies 
higher  than  35%.  Another  clone,  DD  95-1,  had  47%  homology 
(64%  positives)  with  a  hypothetical  protein  from  Vibrio  para  - 
haemotyticus.  Clone  DD  99-9  had  93%  homology  (97%  posi¬ 
tives)  with  a  protein  that  is  part  of  photosystem  1  in  cyanobac¬ 
teria.  Since  the  filamentous  cyanobacteria  are  the  most 
abundant  microorganisms  present  in  the  infectious  mat,  the 
sequence  from  clone  DD  99-9  is  probably  derived  from  these 
cyanobacteria.  Finally,  the  best  hit  for  clone  DD  95-2  was  an 
AraC-type  DNA-binding  domain  protein  with  a  homology  of 
25%  (68%  positives).  Finally,  the  best  hit  for  clone  DD  95-2 
was  an  AraC-type  DNA-binding  domain  protein  with  a  homol¬ 
ogy  of  25%  (68%  positives). 

Semiquantitative  RT-PCR  analysis.  The  final  step  was  to 
verify  that  the  characterized  genes  were  actually  differentially 
expressed  during  infection  of  the  coral.  To  confirm  this  possi¬ 
bility,  semiquantitative  RT-PCR  was  performed  with  the  orig¬ 
inal  samples  of  RNA,  in  situ  and  suspended,  from  three  dif¬ 
ferent  experiments.  Semiquantitative  RT-PCR  analysis  has 
previously  been  used  to  confirm  differences  in  gene  expression 
(15,  24,  26).  Specific  primers  were  designed  to  analyze  the 
levels  of  expression  of  the  genes  presented  in  Table  2.  During 
the  amplification  of  the  genes,  different  numbers  of  cycles  were 
used  to  avoid  PCR  saturation.  Samples  from  three  indepen¬ 
dent  experiments  were  analyzed.  Figure  4  shows  an  example  of 
results  obtained  from  these  experiments,  and  Table  3  shows 
results  for  the  relative  differential  expression  of  the  genes  an¬ 
alyzed.  These  results  come  from  at  least  three  different  RT- 
PCRs  and  from  three  different  samples. 

Two  out  of  the  five  genes  analyzed  did  not  show  differences 
in  gene  expression  with  RT-PCR  even  when  a  low  number  of 
PCR  cycles  was  used.  This  result  is  not  surprising,  as  one  of  the 
problems  that  RAP-PCR  has,  in  addition  to  differential  dis¬ 
play,  is  the  high  proportion  of  false-positive  results  among 
clones  obtained  from  differentially  expressed  bands  (25).  A 
major  concern  is  the  fact  that  one  band  may  actually  be  com- 
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FIG.  1.  T-RFLP  profiles  of  the  BBD  mat  bacterial  communities,  (a  and  A)  Plhal-digested  PCR  products  from  BBD  mat  samples  taken  from 
coral  and  BBD  mat  samples  suspended  in  seawater,  respectively,  (b  and  B)  Mspl-digested  PCR  products  from  BBD  mat  samples  taken  from  coral 
and  BBD  mat  samples  suspended  in  seawater,  respectively,  (c  and  C)  RsaFdigested  PCR  products  from  BBD  mat  samples  taken  from  coral  and 
BBD  mat  samples  suspended  in  seawater,  respectively. 


posed  of  cDNAs  derived  from  multiple  genes  (8,  25).  Some  of 
these  genes  may  be  differentially  expressed,  but  others  may  be 
constitutively  expressed.  This  was  the  case  for  clones  DD  95-1 
and  DD  99-8.  However,  three  of  the  clones  analyzed  did  have 
differences  in  their  levels  of  expression  depending  on  whether 


they  came  from  BBD  mats  infecting  coral  in  situ  or  from  BBD 
mats  suspended  in  seawater.  In  all  cases,  these  genes  were 
up-regulated  when  the  bacterial  mat  was  infecting  the  coral. 

Clone  DD  95-4  had  51%  homology  with  amino  acid  ABC 
transporter  systems  in  bacteria  and  was  up-regulated  between 
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FIG.  2.  Formaldehyde  agarose  gel  showing  RNA  extractions  of 
BBD  microbial  mats  growing  in  situ  on  coral  surfaces  (lanes  1  and  2) 
and  suspended  in  seawater  (lanes  3  and  4). 
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31  and  40%  (Table  3)  during  infection.  In  one  sample,  we 
found  almost  100%  up-regulation.  Clone  DD  99-9  was  up- 
regulated  between  9  and  34%  (Table  3)  during  infection.  As 
with  DD  95-4,  in  one  case  there  was  almost  complete  tran¬ 
scriptional  inhibition  of  gene  DD  99-9  when  the  bacterial  mat 
was  living  in  seawater.  This  sequence  presented  high  homology 
(93%  identity)  with  photosystem  I  P700  chlorophyll  A  apopro¬ 
tein  A1  (PsaA)  in  cyanobacteria.  Finally,  the  last  gene  that 
showed  up-regulation  during  infection,  clone  DD  95-2,  had 


A  B  A  B 

FIG.  4.  RT-PCR  analysis  to  assess  relative  differences  in  gene  ex¬ 
pression.  Clone  designations  are  given  above  the  pictures.  (A)  BBD 
mat  growing  in  situ  on  coral;  (B)  BBD  mat  in  seawater. 
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FIG.  3.  Example  of  RAP-PCR  results  obtained  by  using  a  high- 
resolution  agarose  gel  and  the  Lnr95  primer.  Samples  a  and  a’  are 
duplicates  from  the  same  sample  of  RNA  extracted  from  an  in  situ 
BBD  mat  growing  on  the  coral  surface.  Samples  b  and  b*  are  duplicates 
from  the  same  sample  of  RNA  extracted  from  a  BBD  mat  suspended 
in  seawater.  Arrows  indicate  the  positions  of  molecular  weight  stan¬ 
dards  not  visible  in  the  photo. 


25%  homology  with  AraC-type  DNA  binding  domain-contain¬ 
ing  proteins.  All  samples  analyzed  were  completely  inhibited 
for  RNA  synthesis  of  the  DD  95-2  gene  when  the  bacterial  mat 
was  removed  from  the  infection  site  (Table  3).  PCR  analysis  of 
the  DNA  obtained  from  these  samples  showed  that  the  gene 
was  present  in  the  bacterial  community.  Therefore,  the  com¬ 
plete  repression  of  DD  95-2  expression  was  not  due  to  the 
absence  of  bacteria  harboring  this  gene  in  the  samples  sus¬ 
pended  in  seawater. 


DISCUSSION 

Due  to  the  difficulties  in  studying  differences  in  gene  expres¬ 
sion  in  prokaryotes,  most  studies  using  RAP-PCR  have  been 
done  only  in  recent  years  and  have  been  restricted  to  labora¬ 
tory  conditions  (5,  9,  16,  43).  With  the  present  study,  we  dem¬ 
onstrated  that  RAP-PCR  may  be  used  successfully  to  analyze 
differential  gene  expression  in  environmental  samples.  The 
differences  in  the  gene  expression  of  infectious  BBD  bacterial 
mats,  which  cause  the  death  of  a  large  number  of  coral  world¬ 
wide  (31),  have  been  analyzed.  The  final  goal  of  analyzing 
differences  in  gene  expression  is  to  determine  the  mechanism 
or  mechanisms  of  pathogenesis  and  to  look  for  clues  about  the 
environmental  factors  that  lead  to  disease. 

Significant  differences  between  transcription  levels  of  a  set 
of  different  genes  in  the  in  situ  and  in  the  suspended  BBD  mat 
samples  were  observed.  When  removed  from  the  coral  tissue 
for  3  days,  the  BBD  mat  genes  that  were  up-regulated  during 
infection  should  be  turned  off  or  at  least  show  a  decreased  level 
of  activity.  The  short  distances  maintained  between  the  in¬ 
fected  bacterial  mat  and  the  samples  suspended  in  seawater 
guaranteed  identical  environmental  conditions  (salinity,  tur¬ 
bidity,  light  intensity,  etc.)  during  the  experiments.  One  of  the 
major  problems  of  analyzing  differences  in  gene  expression  in 
bacteria  comes  from  the  fact  that  mRNA  in  prokaryotes  does 
not  have  a  poly(A)  tail  and  that  random  primers  therefore 
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TABLE  2.  Best  BLASTX  hits  for  the  sequences  obtained  from  RAP-PCR  profiles 


Clone 

Accession 

no. 

Fragment 
size  (bp) 

BLASTX  results 

Accession  no. 

Protein  encoded  by  gene 

Organism 

DD  95-1 

AY494600 

670 

gi  1 28898568 1 

Conserved  hypothetical  protein 

V.  parahaemolyticus 

DD  95-4 

AY494601 

568 

gi  |24372841 1 

Hypothetical  amino  acid  ABC  transporter 

S.  oneidensis 

DD  99-8 

AY494602 

482 

gi  1 21228041| 

Glutamine-binding  protein 

M.  mazei 

DD  95-2 

AY494603 

410 

gi  |23137865| 

AraC-type  DNA  binding  domain-containing  proteins 

C.  hatch  insonii 

DD  99-9 

AY494604 

417 

gi  1 97659 1 

Photosystem  I  P700  PsaA 

Synechocystis  sp.  (strain  PCC  6803) 

have  to  be  used  in  order  to  synthesize  cDNA.  Those  primers 
are  likely  to  anneal  to  rRNA,  which  constitutes  the  largest 
fraction  of  RNA  in  the  samples,  thus  preventing  efficient  con¬ 
version  of  the  small  portion  of  mRNA  into  cDNA.  It  has  been 
reported  that  when  prokaryotic  RNA  was  used,  up  to  40%  of 
differentially  expressed  bands  identified  using  differential  dis¬ 
play  analysis  were  of  ribosomal  origin  (30,  31).  However,  the 
results  obtained  by  using  RAP-PCR  analysis  show  that  this 
method  successfully  overcomes  that  problem.  None  of  the 
cloned  differentially  expressed  genes  was  a  16S  rRNA  gene, 
probably  because  bands  that  appear  in  all  samples  and  at  a 
high  concentration  are  most  likely  to  be  the  ones  that  come 
from  rRNA. 

A  possible  mechanism  of  pathogenesis  for  BBD  in  which  an 
anoxic  environment  and  the  production  of  sulfide  are  toxic  for 
the  coral  tissue  and  result  in  coral  death  has  been  proposed 
(37).  However,  there  is  no  definitive  proof  that  this  is  the  real 
mechanism  for  tissue  destruction  (36),  and  nothing  is  known 
about  what  conditions  lead  to  disease.  The  photosynthetic  fil¬ 
amentous  cyanobacterium  P.  corallyticum  is  the  most  conspic¬ 
uous  bacterium  in  BBD,  and  it  is  not  known  what  its  the  role 
during  infection  is.  It  is  not  yet  understood  why  a  photosyn¬ 
thetic  organism  is  infecting  a  coral;  perhaps  this  species  re¬ 
quires  something  from  the  coral  to  survive  or  to  obtain  a 
growth  advantage  through  the  infectious  process. 

One  of  the  sequences  was  up-regulated  during  infection; 
clone  DD  95-4  had  homology  with  amino  acid  ABC  trans¬ 
porter  systems  in  bacteria.  Amino  acids  are  important  in  both 
carbon  and  nitrogen  metabolism  of  bacteria;  for  this  reason, 
the  ABC  transport  systems  of  bacteria  have  been  widely  stud¬ 
ied  (22).  Nevertheless,  there  is  no  clear  connection  between 
the  up-regulation  of  this  ABC  transporter  and  pathogenesis.  In 
the  case  of  BBD,  the  observed  up-regulation  of  this  gene  could 


TABLE  3.  Results  for  semiquantitative  RT-PCR  products  analyzed 
by  densitometry 


RT-PCR  result  for": 

Differentia) 

Clone 

BBD  mat 
growing  on 
coral 

BBD 
mat  in 

seawater 

expression  range 
of  up-  or  down- 
regulation  (%) 

DD  95-1 

+  + 

+  + 

0 

DD  95-4 

+  + 

+ 

31-40 

DD  99-8 

+  + 

+  + 

0 

DD  95-2 

+  + 

- 

100 

DD  99-9 

-+■  T 

4- 

9-34 

"  no  expression  detected;  +.  low  levels  of  transcript  expression;  +  +  ,  high 
levels  of  transcript  expression. 


be  due  to  the  presence  of  amino  acids  available  for  consump¬ 
tion  as  a  consequence  of  coral  tissue  destruction. 

Of  equal  importance  are  the  results  obtained  for  the  other 
two  cDNAs  analyzed.  Clone  DD  99-9  was  up-regulated  during 
infection  and  presented  100%  homology  with  photosystem  I 
P700  PsaA  in  cyanobacteria.  Photosystem  I  is  a  membrane 
complex  of  12  different  proteins  lhal  produces  the  reduced 
NADPH  needed  to  reduce  C02  in  the  reactions  of  the  Calvin 
cycle  (48).  PsaA  along  with  PsaB  coordinates  the  two  chloro¬ 
phylls  forming  the  dimer  in  P700  (42,  48).  Studies  of  differen¬ 
tial  expression  in  Synechocystis  spp.  under  different  environ¬ 
mental  conditions  have  previously  been  reported  (4,  28,  46). 
The  level  of  expression  of  psaA  is  controlled  by  several  envi¬ 
ronmental  factors,  such  as  day-night  light  cycles  (13,  29).  Singh 
and  Sherman,  using  a  customized  amplification  library,  have 
shown  that  the  expression  of  psaA  increases  when  iron  is  avail¬ 
able  and  decreases  with  iron  depletion  (44).  Iron  is  an  essential 
trace  element  for  most  bacteria  and  a  limiting  factor  for  pri¬ 
mary  production  in  seawater  (12,  27,  47).  During  BBD  infec¬ 
tion,  with  the  destruction  of  coral  tissue  and  the  death  of  the 
symbiotic  dinoflagellates  {Syrnbiodinium  spp.)  living  inside  the 
coral,  the  availability  of  iron  increases  at  levels  that  allow  the 
staggering  growth  of  P.  corallyticum.  The  low  levels  of  available 
iron  in  seawater  could  explain,  at  least  in  part,  why  P.  coral - 
lyticum  is  so  difficult  to  detect  in  samples  other  than  that  of  the 
BBD  infectious  mat  (18,  36).  Finally,  the  last  gene  that  showed 
up-regulation  during  infection,  clone  DD  95-2,  had  25%  iden¬ 
tity  with  AraC-type  DNA  binding  domain-containing  proteins. 
All  samples  analyzed  showed  complete  inhibition  of  RNA  syn¬ 
thesis  for  the  DD  95-2  gene  when  the  bacterial  mat  was  re¬ 
moved  from  the  infection  site  on  the  coral  tissue  surface.  In 
animal  pathogens,  AraC-like  transcriptional  activators  coordi¬ 
nate  the  expression  of  type  III  secretion  genes  (17),  which  are 
essential  for  the  virulence  of  a  large  number  of  gram-negative 
pathogens.  Moreover,  some  plant  pathogens  also  utilize  this 
kind  of  signal  regulator  (17).  Most  type  III  secretion  systems 
have  been  found  in  Proteobacteria .  However,  DD  95-2  had 
homology  to  a  gene  present  in  Cytophaga  huichinsonii .  Previ¬ 
ous  works  have  shown  that  members  of  the  Cytophaga-Flexi - 
bacter-Bacteroides  group  are  present  in  large  numbers  in  the 
BBD  bacterial  mat  (14,  19).  Therefore,  it  is  reasonable  to 
hypothesize  that  these  bacteria  play  an  important  role  in  the 
disease.  Moreover,  this  group  of  bacteria  includes  microorgan¬ 
isms  that  are  well-known  pathogens  in  a  variety  of  organisms 
that  inhabit  a  wide  variety  of  environments  (3,  11,  32,  45). 

Conclusions.  RAP-PCR  has  been  successfully  used  to  detect 
genes  that  are  differentially  expressed  under  different  environ¬ 
mental  conditions  in  complex  bacterial  communities.  This 
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work  has  identified  genes  that  are  involved  in  the  pathogenesis 
of  BBD,  one  of  the  most  important  infectious  coral  diseases. 
Three  genes  that  are  up-regulated  when  a  BBD  bacterial  mat 
is  infecting  coral  have  been  identified.  One  of  the  cDNAs,  DD 
95-4,  had  homology  with  amino  acid  ABC  transporter  systems 
in  bacteria  but  no  clear  link  with  the  mechanism  of  pathogen¬ 
esis  of  the  disease. 

Conversely,  the  other  two  cDNAs  analyzed  may  have  a  more 
direct  link  to  the  pathogenesis  of  BBD.  DD  99-9  was  up- 
regulated  during  infection  and  presented  homology  with  pho¬ 
tosystem  I  P700  PsaA  in  cyanobacteria.  It  has  been  shown  that 
the  expression  of  psaA  increases  when  iron  is  available  and 
decreases  with  iron  depletion  (44).  The  up-regulation  of  this 
gene  could  be  linked  to  the  increased  levels  of  iron  available 
due  to  coral  tissue  destruction.  Finally,  DD  95-2  was  com¬ 
pletely  repressed  when  the  bacterial  mat  was  not  in  contact 
with  the  coral  tissue.  Furthermore,  DD  95-2  has  homology  with 
AraC-type  DNA  binding  domain-containing  proteins,  which 
are  important  regulators  for  expression  of  genes  involved  in 
virulence  in  gram-negative  bacteria. 
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Black  band  disease  (BBD)  is  a  virulent  polymicrobial  disease  primarily  affecting  massive-framework- 
building  species  of  scleractinian  corals.  While  it  has  been  well  established  that  the  BBD  bacterial  mat  is 
dominated  by  a  cyanobacterium,  the  quantitative  composition  of  the  BBD  bacterial  mat  community  has  not 
described  previously.  Terminal-restriction  fragment  length  polymorphism  (T-RFLP)  analysis  was  used  to 
characterize  the  infectious  bacterial  community  of  the  bacterial  mat  causing  BBD.  These  analyses  revealed  that 
the  bacterial  composition  of  the  BBD  mat  does  not  vary  between  different  coral  species  but  does  vary  when 
different  species  of  cyanobacteria  are  dominant  within  the  mat.  On  the  basis  of  the  results  of  a  new  method 
developed  to  identify  organisms  detected  by  T-RFLP  analysis,  our  data  show  that  besides  the  cyanobacterium, 
five  species  of  the  division  Firmicules ,  two  species  of  the  Cytophaga-Flexibacter-Bacteroides  (CFB)  group,  and  one 
species  of  5-proteobacteria  are  also  consistently  abundant  within  the  infectious  mat.  Of  these  dominant  taxa, 
six  were  consistently  detected  in  healthy  corals.  However,  four  of  the  six  were  found  in  much  higher  numbers 
in  BBD  mats  than  in  healthy  corals.  One  species  of  the  CFB  group  and  one  species  of  Firmicutes  were  not 
always  associated  with  the  bacterial  communities  present  in  healthy  corals.  Of  the  eight  dominant  bacteria 
identified,  two  species  were  previously  found  in  clone  libraries  obtained  from  BBD  samples;  however,  these 
were  not  previously  recognized  as  important.  Furthermore,  despite  having  been  described  as  an  important 
component  of  the  pathogenetic  mat,  a  Beggialoa  species  was  not  detected  in  any  of  the  samples  analyzed.  These 
results  will  permit  the  dominant  BBD  bacteria  to  be  targeted  for  isolation  and  culturing  experiments  aimed  at 
deciphering  the  disease  etiology. 


Coral  reefs  are  among  the  most  biologically  diverse  ecosys¬ 
tems  on  earth  and  harbor  a  large  number  of  unique  marine 
taxa.  However,  over  the  last  few  decades,  27%  of  coral  reefs 
have  been  destroyed  worldwide,  and  in  places  such  as  Belize, 
up  to  75%  of  the  coral  reef  habitat  has  been  lost  (38).  The 
destruction  of  coral  reef  ecosystems  is  a  complex  phenomenon 
and  can  be  attributed  to  a  combination  of  factors  (16,  19,  30). 
One  of  the  leading  causes  of  reef  degradation  has  been  a 
dramatic  increase  in  reef  coral  mortality  due  to  disease  (30). 
While  historically  the  study  of  coral  diseases  and  their  role  in 
the  ecology  of  reef  ecosystems  has  been  minimal,  with  in¬ 
creases  in  both  the  number  and  severity  of  coral  diseases,  this 
topic  has  rapidly  gained  scientific  attention  (26,  30).  However, 
while  the  number  of  newly  described  coral  diseases  has  steadily 
increased,  in  most  cases  their  etiology  has  remained  unknown 
(26). 

Black  band  disease  (BBD)  is  one  of  the  most  widespread 
and  destructive  coral  diseases.  This  is  largely  due  to  its  pref¬ 
erential  infection  of  the  massive-framework-building  corals 
that  serve  as  ecological  cornerstones  of  the  reef  ecosystem 
(11).  Antonius  first  described  BBD  in  the  1970s  as  a  black 
bacterial  mat  that  migrates  in  a  top-down  manner  across  the 
surface  of  the  coral,  destroying  the  tissue  and  leaving  behind 
bare  skeleton  (5,  15).  After  the  tissue  has  been  stripped  from 
the  coral  surface,  algae  rapidly  colonize  the  naked  skeleton, 
preventing  any  subsequent  recovery  from  the  infection.  Black 
band  disease  has  been  extremely  devastating  to  certain  massive 
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corals,  suggesting  that  certain  species  of  coral  are  more  im¬ 
mune  to  BBD  infection  than  others  (3). 

BBD  is  a  polymicrobial  disease  presumably  caused  by  a 
consortium  of  microorganisms  rather  than  a  single  pathogen 
(26,  28).  Early  descriptions  of  the  disease,  based  solely  on 
optical  or  electron  microscopy,  reported  that  the  BBD  mat 
consortium  was  dominated  by  a  filamentous,  nonheterocys- 
tous,  cyanobacterium  first  classified  as  Phormidium  corallyti- 
cum  (31,  35).  Further  optical  microscopy  studies  revealed  that 
there  were  other  organisms  accompanying  P.  corallyiicum  in 
the  BBD  mat:  the  motile  sulfide-oxidizing  bacterium  Beggiaioa, 
the  sulfate-reducing  bacterium  Desulfovibrio ,  numerous  het- 
erotrophic  bacteria,  and  marine  fungi  (10,  15,  25). 

Molecular  techniques  have  now  shown  that  the  composition 
of  the  bacterial  community  living  in  the  infectious  mat  is  sig¬ 
nificantly  more  complex  than  was  initially  recognized.  As  many 
as  64  different  species  of  bacteria  have  been  identified  living  in 
the  BBD  mat  (9,  14).  These  methods  have  confirmed  the  pres¬ 
ence  of  Desulfovibrio  and  related  species  in  the  infectious  com¬ 
munity  but  have  not  been  able  to  verify  the  presence  of  Beg- 
giatoa,  one  of  the  organisms  previously  described  as  a  major 
component  of  the  BBD  bacterial  mat  (9,  14).  On  the  basis  of 
the  known  16S  rRNA  gene  sequences,  the  primers  used  in 
these  studies  should  not  have  had  any  problem  amplifying 
sequences  from  Beggiatoa  spp.  (9). 

Molecular  analysis  of  BBD  has  given  new  insights  into  the 
nature  of  the  cyanobacteria  present  in  the  BBD  mat.  Results 
using  specific  primers  revealed  that  the  dominant  cyanobacte¬ 
ria  within  BBD  mat  samples  belong  to  at  least  three  different 
taxa,  despite  producing  similar  patterns  and  symptoms  of  dis¬ 
ease  (13).  However,  since  these  species  of  cyanobacteria  have 
not  been  formally  classified,  the  name  P.  corallyiicum  refers  to 
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any  of  the  different  filamentous  cyanobacteria  present  in  the 
BBD  mat.  While  there  exists  a  general  consensus  as  to  the 
importance  of  P.  corailyticum  during  disease  development,  the 
reasons  to  consider  it  the  primary  pathogen  remain  largely 
circumstantial  (9,  28). 

To  understand  the  process  of  infection  and  to  elucidate  the 
possible  environmental  factors  involved  in  its  development,  it 
is  first  necessary  to  identify  those  organisms  that  play  a  crucial 
role  in  the  disease.  The  aim  of  the  present  study  is  to  charac¬ 
terize  the  composition  of  the  dominant  and  potentially  impor¬ 
tant  bacteria  present  in  the  BBD  bacterial  mat.  Terminal- 
restriction  fragment  length  polymorphism  (T-RFLP)  analysis 
was  used  to  identify  the  most  abundant  bacteria  present  in 
BBD  mats.  Once  identified,  the  most-probable-number  PCR 
(MPN-PCR)  technique  was  used  to  quantify  the  abundance  of 
those  species. 

Results  show  that  the  species  of  coral  being  infected  does 
not  affect  the  composition  of  the  infectious  bacterial  mat.  In¬ 
stead,  differences  in  the  mat  composition  appear  to  be  linked 
to  the  species  of  cyanobacteria  dominant  in  the  infection. 
Quantification  of  the  most  abundant  organisms  present  in  the 
infectious  mat  shows  that  there  are  three  major  groups  of 
bacteria  that  accompany  the  cyanobacterium:  (i)  members  of 
the  division  Firmicutes  (five  species),  (ii)  Cytophaga-Flexi- 
bacter-Bacteroides  (CFB)  group  (two  species),  and  (iii)  S-pro- 
teobacteria  (one  species).  Of  the  eight  species  identified  using 
specific  primers,  two  were  not  consistently  detected  in  healthy 
corals,  making  them  ideal  candidates  for  future  studies  on  the 
etiology  of  the  disease.  Other  species,  while  consistently  de¬ 
tected,  were  present  at  much  lower  numbers  than  those  found 
during  infection.  The  combined  results  of  T-RFLP  and  quan¬ 
tification  suggest  that  the  presence  of  the  filamentous  cya¬ 
nobacterium  is  the  driving  force  that  controls  the  final  compo¬ 
sition  of  the  BBD  mat. 

MATERIALS  AND  METHODS 

Fieldwork  and  sample  collection.  BBD  mat  samples  were  collected  from 
infected  corals  at  three  different  locations  along  the  southwestern  coast  of  Cu¬ 
rasao,  Netherlands  Antilles,  in  the  Caribbean  Sea.  and  at  two  different  locations 
on  the  northern  coast  of  New  Britain,  Papua  New  Guinea,  in  the  Indo-Pacific 
Sea.  The  three  sites  on  Curasao  included  a  sea  aquarium,  a  water  plant,  and 
Playa  Kalki  (13).  At  each  of  these  three  locations,  both  healthy  and  BBD- 
infected  colonies  of  Montastrea  annularis  and  Diploria  strigosa  were  collected.  On 
New  Britain,  Papua  New  Guinea,  BBD  mat  samples  of  infected  colonies  of 
Porites  lutea  were  collected  off  the  northern  coast  at  Father's  Reef  (13).  All 
samples  were  collected  from  a  water  depth  between  4  and  5  m.  Small  4-cm2 
sections  of  mat  and  coral  skeleton  were  individually  collected  using  a  small  chisel 
and  placed  in  a  sterile  disposable  50-ml  polypropylene  centrifuge  tube  while 
using  standard  scuba  techniques  to  access  the  reefs.  Portions  of  BBD  mats  that 
could  be  physically  peeled  off  the  coral  surface  using  forceps  were  placed  in  their 
own  sterile  disposable  15-ml  polypropylene  centrifuge  tube.  Immediately  upon 
return  to  shore,  the  seawater  within  each  tube  was  decanted,  and  coral  samples 
were  immersed  in  80%  ethanol  for  molecular  analyses.  Live  D.  strigosa  specimens 
were  also  collected  in  Curasao,  transported  to  the  lab  in  Illinois,  and  kept  alive 
in  an  aquarium.  One  of  these  colonies  developed  BBD  and  was  processed  as 
described  above. 

DNA  extraction.  DNA  extraction  was  performed  as  described  previously  (14). 
Bead  beating  and  freeze-thaw-  cycling  protocols  were  used  to  extract  community 
genomic  DNA  from  the  cells  collected  from  the  crushed  coral  slurries.  The  same 
procedure  was  performed  in  parallel  using  ultrapure  water  as  a  negative  control 
and  50  p,l  of  an  Escherichia  coh  culture  that  had  been  allowed  to  grow  overnight 
as  a  positive  control. 

PCR  and  T-RFLP  analyses.  Specific  primers  to  amplify  16S  rRNA  genes  from 
cyanobacteria  were  used  (24)  to  characterize  the  cyanobacterium  infecting  the 


specimen  of  D.  strigosa  that  developed  BBD  spontaneously  in  the  aquarium.  The 
amplified  products  were  cloned  and  sequenced  as  described  below.  The  cya¬ 
nobacteria  infecting  corals  sampled  from  the  environment  had  been  character¬ 
ized  previously  (13). 

T-RFLP  analysis  was  performed  by  the  method  of  Liu  et  al.  (20).  Universal 
bacterial  oligonucleotide  primers  used  in  the  PCR  amplifications  were  obtained 
from  Integrated  DNA  Technologies  (Coralville.  Iowa):  forward  primer  Univ9F 
(5'-GAGTTTGATYMTGGCTC)  with  a  5'  carboxyfluorescine  (FAM)  label  and 
reverse  primer  Univl509R  (5'-GYTACCTTGTTACGACTT).  Reaction  mix¬ 
tures  included  the  follow-ing:  10  pJ  of  TaqMaster  buffer  (an  agent  which  improves 
thermostability  and  processivity  of  the  polymerase).  5  jxl  of  Taq  reaction  buffer 
containing  15  mM  MgCN  (Eppendorf,  Westbury.  N.Y.).  4  p.1  of  a  mixture  of 
deoxynucleoside  triphosphates  (2.5  mM  concentration  of  each  deoxynucleoside 
triphosphate)  (Gibco/BRL.  Rockville.  Md  ).  1  pj  each  of  forward  and  reverse 
primers  (200  ng  each),  5  to  30  pJ  of  the  sample  preparation,  and  water  to  bring 
the  total  volume  to  49.5  pi.  An  initial  denaturation  or  hot  start  of  5  min  at  95°C 
was  followed  by  the  addition  of  0.5  pi  (2  U)  of  MasterTaq  polymerase  (Eppen¬ 
dorf).  The  hot  start  was  followed  by  30  or  35  cycles  of  the  following  incubation 
pattern:  94°C  for  1  min.  55°C  for  1  min,  and  72°C  for  2  min.  A  final  extension  step 
of  5  min  at  72°C  concluded  the  reaction. 

PCR  products  were  combined  to  a  final  volume  of  300  pi,  purified  using  the 
Wizard  PCR  prep  kit  (Promega.  Madison.  Wis.).  and  eluted  with  30  pi  of  water. 
Clean  DNA  (10  pi)  was  aliquoted  into  each  of  three  tubes,  and  restriction 
digestions  were  performed  w-ith  Rsal.  HhaL  and  Mspl.  The  final  volume  of  each 
digest  was  20  pi.  At  least  300  ng  of  total  DNA  per  digestion  was  used.  Tubes  were 
first  incubated  overnight  at  37°C.  covered  with  aluminum  foil  to  prevent  photo- 
bleaching  of  the  FAM  label,  and  kept  at  -20°C. 

Prior  to  loading  on  a  gel.  1  pi  of  sample  was  added  to  a  loading  buffer 
consisting  of  1.25  pi  of  deionized  formamide.  0.25  pi  of  blue  loading  dye.  and  0.3 
pi  of  size  standard  (tetrachloro-6-carboxyfluorescine  [TAMRA]  2500).  The  sam¬ 
ples  were  then  mixed  and  denatured  at  95°C  for  3  min  prior  to  loading  onto  a  5% 
Long  Ranger  (proprietary  acrylamide  formula  from  BioWhittaker)  and  7  M  urea 
gel.  Analyses  were  run  on  a  377-XL  sequencer  (Applied  Biosystems,  Foster  City, 
Calif.)  with  a  run  time  of  5  h.  The  data  were  analyzed  using  the  AB1  GeneScan 
software.  T-RFLP  profiles  were  analyzed  using  the  TAP  T-RFLP  program  at  the 
Ribosomal  Database  Project  II  website  (http://rdp.cme.msu.edu/html/analyses 
.html). 

Cloning  and  sequencing.  To  identify  the  most  abundant  peaks  from  the  T- 
RFLP  analysis,  digested  products  were  purified  by  electrophoresis  in  a  6% 
polyacrylamide  gel  under  native  conditions  in  a  SE  600  series  vertical  slab  gel 
unit  from  Hoefer  Scientific  Instruments  (San  Francisco,  Calif.).  One  lane  in  each 
gel  contained  the  100-bp  DNA  size  standard  ladder  available  from  Invitrogen 
(Carlsbad.  Calif.).  The  DNA  bands  that  were  selected  had  sizes  that  corre¬ 
sponded  approximately  to  the  results  obtained  from  the  T-RFLP  analysis  (error 
margin,  50  bp). 

To  elute  the  DNA  from  the  acrylamide,  200  pi  of  crush  and  soak  solution  (0.5 
M  ammonium  acetate.  0.1%  sodium  dodecyl  sulfate,  0.1  mM  EDTA)  was  added 
to  the  excised  band,  and  the  acrylamide  was  crushed  and  incubated  overnight  at 
37°C.  On  the  following  day.  the  solid  acrylamide  was  concentrated  via  centrifu¬ 
gation  for  10  min  at  16.000  X  g.  The  supernatant  was  transferred  to  a  clean  tube, 
and  another  200  pi  of  crush  and  soak  solution  w-as  added  to  the  solid  acrylamide 
pellet.  Following  centrifugation,  the  recovered  supernatant  was  pooled  with  the 
initial  fraction.  DNA  was  then  precipitated  and  recovered.  The  DNA  fragments 
obtained  from  Hhal  and  Mspl  digestions  were  blunted  using  T4  DNA  polymer¬ 
ase  (Invitrogen)  or  the  large  KJenow-  polymerase  subunit  (Invitrogen).  following 
the  manufacturer’s  instructions. 

In  order  to  clone  the  product  into  pGEM-T  vector  (Promega),  the  DNA  was 
incubated  for  10  min  at  72°C  in  the  presence  of  Taq  polymerase  and  dATP  (2.5 
mM)  The  gel-purified  PCR  product  was  then  cloned  into  pGEM-T  and  trans¬ 
formed  into  competent  DH5aMCR  E.  coli  cells  using  the  manufacturer’s  in¬ 
structions  and  standard  techniques  (32).  Clones  were  checked  for  the  presence  of 
the  insert  by  PCR  using  the  primers  M13  (-21)  and  T7  (-26).  A  RFLP  analysis 
of  the  products  was  performed  to  select  for  clones  that  presented  identical 
patterns.  PCR  products  were  digested  with  Mspl  and  HinPl  enzymes  and  ana¬ 
lyzed  in  a  1.6%  Metaphor  agarose  gel.  Only  clones  with  the  correct  sizes  and 
present  in  more  than  one  RFLP  analysis  were  selected  for  sequence  analysis. 
These  clones  were  transferred  to  petri  dishes  containing  Lurja  broth  agar  sup¬ 
plemented  w-ith  100  p.g  of  ampicillin  (Roche  Molecular  Biochemicals.  Indianap¬ 
olis,  lnd.)  per  ml  and  incubated  overnight  at  37°C. 

Inoculation,  culturing,  template  preparation,  and  sequencing  were  performed 
by  the  High  Throughput  Laboratory  of  the  University  of  Illinois  W.  M.  Keck 
Center  for  Comparative  and  Functional  Genomics.  The  petri  cultures  were  used 
to  inoculate  2-ml  96-well  culture  blocks  containing  Circle  Grow  medium  (Bio  101 
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TABLE  I.  Primers  used  to  amplify  the  specific  16s  rRNA 
sequences  for  MNP-PCR  analysis 


Clone  Direction"  Primer  sequence 


CD22E1 

Fwd 

Rev 

5 '  -CCCGTAGG  AGTCTGGTCCGT-3 ' 
5'-agaggaaggtcccccacact-3' 

CD22B1 

Fwd 

Rev 

5 '  -TTGG  AAGCGC  AACCCTTG-.V 

5 '  -GAGTGCCCAGCATTACCTGC-3' 

CD22E6 

Fwd 

Rev 

5 ' -ACTGGGACTGGCTTTTTGGG-3' 

5 '  -  ACGGGCGGCT  AAGG  AGT  AAT-3' 

R3-M4 

Fwd 

Rev 

5  ’  -GG  AGG  ATCCG  AGCGTTATCC-3 ' 

5 '  -CGCCT  ACGCACCCTTTAAAC-.V 

CD22B8 

Fwd 

Rev 

5 '  -GG  ATTCGCT  AGT  AATCGCGC-3 ' 

5 '  -CCGGG  AACGTATTCACCG-3 ' 

CD22E5 

Fwd 

Rev 

5'-GGGTGAGTAACGCGTGGGTA-3' 

5 '  -TCG  AT  GTGTT  ATCCCCCT  GC-3 ' 

CD22D4 

Fwd 

Rev 

5'-TCTGACCGTTTCTGTAATGGAAAC-3' 

5'-CACCTGTCACTTCTGCTCCG-3' 

CD22D5 

Fwd 

Rev 

5'-CTAACTCCGTGCCAGCAGC-3' 

5'-CGATTAACGCTCGCACCCT-3' 

CD  1  Cl  1 

Fwd 

Rev 

5 ' -CTGT  AGGTGGCCAGCT-3 ' 

5 '  -TT  CCCTT  CGC  AG  GTTCG  CT  GC-3 ' 

"  Fwd,  forward;  Rev,  reverse. 


Inc.,  Vista,  Calif.)  supplemented  with  ampicillin.  Plasmid  template  DNA  was 
purified  from  the  cultures  using  an  automated  system  and  the  QIAwell  %  Turbo 
prep  BioRobot  kit  (QIAGEN.  Valencia,  Calif  ).  The  first  round  of  sequencing 
was  completed  using  the  T7  (-26)  primer  and  Big  Dye  Terminator  chemistry 
(version  2.0)  from  Applied  Biosystems.  Sequencing  was  performed  on  an  ABI 
3700  capillary  sequencer  and  then  processed  in  the  Bioinformatics  Unit  of  the 
W.  M.  Keck  Center. 

MPN-PCR  and  dot  blot  analyses.  MPN-PCR  quantification  was  performed  as 
follows.  First,  eight  primer  sets  specific  for  the  different  bacterial  species  iden¬ 
tified  were  created  (Table  1).  Additionally,  a  primer  pair  specific  for  the  16S 
rRNA  gene  of  cyanobacterium  CD1C11  (GenBank  accession  number 
AY038527)  (13)  was  also  used  for  the  MPN-PCR  experiments.  Primer  sequence 
specificity  was  tested  using  Probe  Match  at  the  Ribosomal  Database  Project  II 
website  (http://rdp.cme.msu.edu/hlml/index.hlml).  The  primer  pairs  were  tested 
for  the  ability  to  amplify  the  16S  rRNA  gene  from  the  different  clones  isolated 
during  this  project.  No  cross- reactivity  was  detected.  To  assess  the  sensitivity  of 
PCR  amplification,  we  performed  experiments  using  different  concentrations  of 
E.  coli  and  universal  primers  for  the  16S  rRNA  gene.  Successful  amplification 
occurred  with  as  little  as  10  to  50  cells.  £.  coli  has  seven  copies  of  the  16S  rRNA 
gene  in  its  genome  (17);  therefore,  the  sensitivity  for  the  number  of  DNA 
molecules  of  16S  rRNA  ranges  from  70  to  350  copies  of  DNA.  For  the  MPN- 
PCR  analysis,  the  sensitivity  was  determined  to  be  350  copies  of  ICS  rRNA  DNA. 

Dot  blot  analysis  was  used  as  a  sensitive  and  rapid  means  to  process  a  large 
number  of  samples.  Serial  dilutions  (IX  to  10“4x  concentration)  of  chromo¬ 
somal  DNA  from  BBD  mat  samples  containing  cyanobacterium  CD1C11  and 
three  healthy  coral  samples  were  prepared  in  triplicate.  The  nine  specific  primers 
for  the  different  species  and  cyanobacteria  (Table  1)  were  used  to  amplify  DNA 
(target  DNA)  from  the  dilution  series.  These  PCR  products  were  applied  to  a 
nylon  membrane  (GcneScreen;  NEN  Life  Sciences  Products,  Boston.  Mass.) 
using  a  Minifold  I  sample  filtration  manifold  (Schleicher  &  Schuel),  Keene, 
N.H.)  and  bound  using  a  Spectrolinker  XL- 1500  UV-cross-l inker  (Spectronics 
Corp.,  Westbury,  N  Y  ). 

The  probes  were  synthesized  by  PCR  amplifying  16S  rRNA  genes  from  BBD 
mat  samples  with  the  universal  bacterial  oligonucleotide  primers.  The  probes 
used  for  the  dot  blot  analyses  were  always  obtained  from  a  different  BBD  mat 
sample  than  that  used  to  create  the  target  DNA.  Probes  were  labeled  and 
detected  using  the  Renaissance  random  primer  fluorescein  labeling  kit  (Perkin- 
Elmer  Life  Sciences.  Boston,  Mass.)  following  the  manufacturer's  instructions. 


MPN-PCR  data  were  converted  to  number  of  16S  rRNA  genes  using  standard 
MPN  tables  (37).  Concentrations  of  bacteria  present  in  healthy  and  BBD  coral 
samples  (Table  l)  were  compared  using  the  Mann-Whitney  U  test  statistic  and 
the  SPSS  10.0  statistical  package  (SPSS  Inc.,  Chicago.  Ill.). 

Sequence  and  phylogenetic  analyses.  The  sequences  obtained  were  com¬ 
pared  with  the  GenBank  database  using  the  Basic  Local  Alignment  Search  Tool 
(BLAST)  network  service  (2).  Consensus  sequences  were  analyzed  using 
CHIMERA  CHECK  version  2.7  at  the  Ribosomal  Database  Project  II  website 
(http://rdp.cme.msu.edu/html/index.html)  (21). 

Sequences  were  aligned  using  the  Clustal  X  program,  and  phylogenetic  anal¬ 
ysis  and  trees  were  obtained  using  the  program  PAUP*  version  4.0b  10  (34). 
Trees  were  constructed  by  parsimony  and  by  bootstrapping  10,000  trees  from 
resampled  data. 

Nucleotide  sequence  accession  numbers.  The  sequences  of  the  partial  gene 
fragments  identified  in  this  work  are  deposited  in  GenBank  under  accession 
numbers  AY497293  through  AY497300. 

RESULTS 

Characterization  of  the  bacterial  communities  in  different 
samples  of  BBD  mats.  T-RFLP  was  used  to  identify  the  most 
abundant  organisms  present  in  the  BBD  bacterial  mat.  A  total 
of  12  BBD  mat  samples  were  analyzed:  2  samples  were  from 
infected  P.  lutea  (New  Britain),  1  was  from  M.  annularis  (Cu¬ 
rasao),  and  the  other  9  were  from  D.  strigosa  (Curasao).  An 
additional  sample  from  D.  strigosa  living  in  an  aquarium  at  the 
University  of  Illinois  was  also  analyzed. 

In  order  to  check  the  reliability  of  T-RFLP  in  our  samples, 
one  sample  from  D.  strigosa  was  analyzed  five  times,  and  an¬ 
other  three  samples  from  D.  strigosa  were  analyzed  in  dupli¬ 
cate.  Additionally,  the  sample  from  M.  annularis  and  one  of  the 
samples  from  P.  lutea  were  also  analyzed  in  duplicate.  All 
repetitions  for  a  given  sample  provided  an  identical  pattern. 

T-RFLP  profiles  for  all  BBD  samples  were  the  same  except 
for  two  cases  (Fig.  1).  The  distinct  profiles  corresponded  to  a 
sample  of  P.  lutea  taken  in  New  Britain,  Papua  New  Guinea, 
and  the  sample  of  D.  strigosa  that  spontaneously  developed 
BBD  in  the  aquarium.  In  both  cases,  the  BBD  mat  was  inhab¬ 
ited  by  a  unique  species  of  cyanobacteria.  The  sample  of  P. 
lutea  was  infected  with  a  species  of  cyanobacteria  previously 
identified  as  cyanobacterium  PNG-50  (13).  The  sample  in  the 
aquarium  that  developed  BBD  was  infected  by  the  cyanobac¬ 
terium  BBT.  Although  different  species  of  cyanobacteria  are 
associated  with  BBD,  all  of  them  are  phylogenetically  related 
to  marine  nonheterocystous  filamentous  cyanobacteria  but  not 
to  marine  Phormidium  species  (Fig.  2). 

When  cyanobacterial  sequence  CD1CI1  was  detected  in  the 
BBD  mat,  the  resulting  T-RFLP  profile  was  identical  regard¬ 
less  of  the  species  of  coral  infected.  Furthermore,  comparison 
of  T-RFLP  profiles  generated  from  healthy  coral  samples 
shows  that  only  one  peak  is  shared  between  BBD  samples  and 
healthy  corals  (18). 

Identification  of  the  predominant  bacteria  in  the  BBD  mat. 

To  identify  the  microorganisms  corresponding  to  the  T-RFLP 
profiles,  the  patterns  were  analyzed  using  the  TAP  T-RFLP 
program  (21).  Unfortunately,  no  exact  matches  were  found  for 
any  of  the  profiles  derived  from  BBD  samples.  To  overcome 
this  problem,  a  polyacrylamide  gel  was  used  to  separate  and 
identify  DNA  fragments  corresponding  in  size  to  the  peaks 
obtained  from  the  T-RFLP  analysis  (Fig.  3).  Bands  with  sizes 
closely  matching  those  of  the  peaks  identified  by  T-RFLP  were 
excised,  cloned,  and  sequenced.  In  all  cases,  at  least  four  clones 
from  the  same  band  were  sequenced.  On  several  occasions,  a 
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FIG.  2.  Phylogenetic  consensus  tree  based  on  parsimony  analysis  of  16S  rRNA  gene  sequences  of  BBD  cyanobacteria  (bold  type)  and  other 
representative  cyanobacteria.  Clone  CD1C11  and  cyanobacteria  PNG-50,  LR-L3,  and  128-56  were  previously  analyzed  (13).  The  numbers  at  the 
nodes  are  the  bootstrap  values  based  on  a  total  of  10,000  replicate  resamplings.  GenBank  accession  numbers  are  shown  in  parentheses.  Marine 
Phormidium  spp.  are  underlined.  C.  perfringens ,  Clostridium  perfrmgens. 


band  derived  from  one  restriction  enzyme  digest  was  identical 
to  sequences  derived  from  one  or  both  of  the  other  enzymes. 
The  recurrence  of  a  sequence  is  a  further  indication  that  the 
bands  selected  correspond  to  the  most  abundant  bacteria 
present  in  our  samples.  Eight  different  sequences  were  identi¬ 
fied  (Table  2).  No  chimeric  sequences  were  detected,  and 
E-values  and  scores  in  all  cases  were  lower  than  E“,0\ 
Quantitative  analysis  of  the  bacteria  present  in  the  BBD 
mat.  To  confirm  which  of  the  eight  species  represented  a  nu¬ 
merically  large  fraction  of  the  bacterial  mat,  the  MPN-PCR 
method  was  used  to  quantify  the  abundance  of  the  species 


presented  in  Table  3.  This  method  has  been  successfully  used 
to  quantify  microorganisms  in  different  environmental  samples 
(1,  12,  22).  To  process  a  larger  number  of  samples  simulta¬ 
neously,  the  presence  of  PCR  product  was  checked  by  DNA 
dot  blot  analysis  (Table  3).  The  eight  different  sequences  were 
detected  in  all  of  the  samples  analyzed.  Of  these,  clones 
CD22E1,  CD22E6,  CD22B8,  CD22E5,  CD22D4,  and  CD22D5 
were  also  detected  in  all  healthy  coral  tissue  samples;  however, 
clones  CD22E1,  CD22B1,  R3-M4,  and  CD22B8  were  detected 
at  significantly  lower  concentrations.  Furthermore,  CD22B1 
and  R3-M4  were  not  always  detected  in  the  healthy  coral  tissue 
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FIG.  3.  Polyacrylamide  gel  showing  the  patterns  obtained  after  di¬ 
gestion  with  the  three  different  restriction  enzymes  used  for  T-RFLP 
analysis.  Bands  with  sizes  observed  in  all  T-RFLP  profiles  for  a  given 
restriction  enzyme  (*)  were  excised,  cloned,  and  sequenced.  The  loca¬ 
tions  of  DNA  size  standards  (not  visible)  are  indicated  by  arrows  to  the 
left  of  the  gel. 


(Table  3).  Although  clones  CD22E5  and  CD22E6  appeared  to 
be  present  at  higher  concentrations  in  BBD  mat  samples  than 
in  healthy  coral  samples,  due  to  the  large  variation  in  the  BBD 
mat  samples,  the  differences  did  not  prove  statistically  signifi¬ 
cant.  Clones  CD22D4  and  CD22D5  were  consistently  detected 
at  the  same  level  in  BBD  mat  and  healthy  tissue  samples 
(Table  3). 


TABLE  3.  Frequencies  of  the  different  bacteria  identified  as 
present  in  high  numbers  in  BBD  mats" 


Primer  or 
clone 

Division 

No.  of  baclcriah 

No.  of 
positive 
results  in 
healthy 
coral 
samples 
(«  =  3) 

BBD  mal  (//  =  4) 

Healthy  coral 
samples  (//  -  3) 

Universal 

100 

100 

3 

primers 

Clones 

CD1C11 

44.40  ±  41.92* 

<0.0001  ±0 

0 

CD22E1 

CFB 

22.126  ±  20.56*' 

0.75  ±  0.36 

3 

CD22B1 

Firmicutes 

6.51  ±6.27* 

0.26  ±  0.22 

2 

CD22E6 

Firmicutes 

16.84  ±  28.72 

0.75  ±  0.36 

3 

R3-M4 

CFB 

14.21  ±8.69* 

0.64  ±  0.55 

2 

CD22B8 

Firmicutes 

17.89  ±  2.2  F 

0.75  ±  0.36 

3 

CD22E5 

Firmicutes 

14.42  ±  11.96 

2.22  ±  1.51 

3 

CD22D4 

Firmicutes 

8.35  ±  7.67 

8.32  ±  9.45 

3 

CD22D5 

8-Proteobacleria 

9.05  ±  4.54 

9.70  ±  8.40 

3 

°  Results  were  obtained  by  MPN-PCR  and  refer  to  the  total  number  of  bac¬ 
teria  obtained  using  universal  primers. 
h  Average  (percent  respect  to  the  total  DNA)  ±  standard  deviation. 
r  Significantly  different  (P  <  0.05)  from  the  value  for  healthy  coral  sample  as 
determined  by  the  Mann-Whitney  U  test. 


Microscopy  suggests  that  filamentous  cyanobacteria  consti¬ 
tute  the  majority  of  the  BBD  biomass  (13,  14).  However,  the 
use  of  cyanobacterium-specific  primers  suggests  that  the  DNA 
from  this  group  represents  less  than  half  of  the  total  DNA 
present  in  the  samples  (Table  3).  Three  major  groups  of  bac¬ 
teria  besides  cyanobacteria  are  present  at  high  numbers  in  the 
infecting  BBD  mat:  CFB,  Firmicutes,  and  8-proteobacteria. 
Clone  CD22E1,  one  of  the  CFB  division  sequences  that  was 
detected  in  low  numbers  in  healthy  coral  tissues,  was  the  next 
most  abundant  bacterium  after  the  cyanobacteria  in  the  BBD 
mat.  The  5-proteobacterium  Desulfovibrio  sp.  is  consistently 
present  in  important  numbers  during  infection  (9.05%).  Nev¬ 
ertheless,  it  is  also  present  at  the  same  level  (9.7%)  in  the 
healthy  coral  samples  analyzed  (Table  3).  This  species  was 
previously  identified  as  a  part  of  the  BBD  mat  (7,  28).  Three 
additional  species  were  present  in  high  numbers  in  BBD  mats 
and  at  low  numbers  in  healthy  corals.  CD22B1,  a  member  of 
the  division  Firmicutes ,  was  present  at  relatively  low  numbers 
(6.5%)  compared  with  the  other  species  analyzed,  and  it  was 
detected  in  only  two  of  three  samples.  Clone  R3-M4  repre¬ 
sented  14.21%  of  the  population  in  the  BBD-infected  corals 


TABLE  2.  Best  matches  of  the  different  sequences  obtained  from  the  clone  libraries  based  on  the  T-RFLP  results 


Clone 

Length  of 
the  band 
(bp) 

GenBank 
accession  no. 

Best  match  (BLASTN) 

% 

Identity/ 

£-value 

Division 

CD22E1 

449 

AY497293 

Uncultured  CFB  group  bacterium  partial  16S  rRNA 
gene,  clone  P.  palm  C/A  42 

9,1  IE' m 

CFB 

CD22B1 

469 

AY497294 

Uncultured  Firmicutes  clone  CD4B11 

98/E-i:,K 

Firmicutes 

CD22E6 

481 

AY497295 

Uncultured  Firtnicuies  clone  CD5D10 

99/0.0 

Firmicutes 

R3-M4 

527 

AY497296 

Cytophaga  ferment  a  ns 

91/0.0 

CFB 

CD22B8 

402 

AY497297 

Uncultured  Firmicutes  128-3-6 

99/E- 170 

Firmicutes 

CD22E5 

559 

AY497298 

Uncultured  Firmicutes  clone  CD5C11 

98/0.0 

Firmicutes 

CD22D4 

607 

AY497299 

Uncultured  bacterium  p-1921  -s962-3 

90/0.0 

Firmicutes 

CD22D5 

245 

AY497300 

Uncultured  8-proteobacterium  128-9-6 

99/E  " 1711 
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but  only  0.64%  in  the  healthy  corals.  Moreover,  it  was  com¬ 
pletely  absent  in  one  of  the  healthy  coral  samples  analyzed 
(Table  3). 

DISCUSSION 

A  filamentous  cyanobacterium  classified  as  P.  corallyticum, 
along  with  Desulfovibrio  sp.  and  Beggiatoa  sp.,  have  been  pro¬ 
posed  as  the  primary  pathogens  for  BBD  (27,  31,  33,  35). 
However,  the  evidence  supporting  this  hypothesis  is  purely 
circumstantial  (9).  In  that  regard,  other  bacteria  have  been 
proposed  as  possible  initiators  of  the  disease  (28).  This  study 
has  identified  the  most  abundant  and  potentially  most  impor¬ 
tant  organisms  of  BBD.  These  findings  will  advance  future 
studies  of  the  mechanisms  of  BBD  pathogenesis  and  roles  of 
the  different  bacteria  in  the  disease. 

Recent  work  has  indicated  that  healthy  corals  have  a  distinct 
bacterial  community  associated  with  them.  The  composition  of 
that  community  is  dependent  upon  the  species  of  coral  and  is 
not  merely  a  reflection  of  the  bacterial  community  present  in 
the  surrounding  water  (18,  29).  Furthermore,  clone  libraries 
obtained  from  BBD  mat  samples  show  that  there  is  a  complex 
and  specific  bacterial  community  associated  with  the  patho¬ 
genic  mats  that  is  distinct  from  the  communities  growing  on 
healthy  corals  (9,  14).  On  the  basis  of  these  clone  libraries,  it 
seems  that  the  composition  of  the  bacterial  community  under¬ 
goes  a  switch  from  a  healthy  to  diseased  profile  (9).  The  rela¬ 
tive  proportion  of  clones  representing  members  of  the  Firmi- 
cutes  and  CFB  groups  increases  in  the  BBD  mat  (9,  14).  Other 
groups  disappear  when  healthy  corals  become  diseased  (7-  and 
p-proteobacteria),  and  finally,  there  are  groups  not  present  in 
healthy  corals  that  make  their  appearance  in  diseased  corals 
(e-proteobacteria)  (9,  14).  Due  to  the  complexity  of  the  BBD 
mat,  it  is  difficult  to  assess  which  bacteria  play  an  active  role  in 
the  development  of  the  disease. 

After  analyzing  all  of  the  bands  selected  from  the  T-RFLP 
results,  eight  different  sequences  belonging  to  three  different 
divisions  were  determined  to  be  important  in  the  BBD  mat. 
The  results  show  that  one  species  of  8-proteobacteria,  two 
species  of  CFB  group,  and  five  species  of  Firmicutes  were  the 
most  abundant  bacteria  present  in  the  infectious  mat.  Cooney 
et  al.  (9)  previously  identified  two  of  these  species  in  BBD 
mats.  However,  an  a-proteobacterium  that  had  been  described 
as  an  important  part  of  the  infectious  mat  (9)  has  not  been 
detected  in  the  present  study. 

The  first  descriptions  of  the  bacterial  composition  of  BBD 
mats  referred  to  the  presence  of  two  major  groups  of  bacteria 
besides  the  filamentous  cyanobacterium:  a  sulfate-reducing 
bacterium  presumed  to  be  Desulfovibrio  (15)  and  a  sulfide- 
oxidizing  bacterium  interpreted  to  be  Beggiatoa  (10).  There  are 
reports  proposing  that  these  two  microorganisms  play  an  active 
role  in  the  destruction  of  coral  tissue  (27,  28),  including  re¬ 
ported  oscillations  in  sulfide  and  oxygen  levels  in  the  BBD  mat 
due  to  the  action  of  Beggiatoa  (7,  28).  However,  the  presence 
of  Beggiatoa  has  been  suggested  only  on  the  basis  of  micros¬ 
copy  (10,  15).  In  the  present  study,  Beggiatoa  was  not  detected 
as  a  member  of  the  infectious  bacterial  mat.  Previous  results 
obtained  by  different  groups  also  failed  to  identify  Beggiatoa  as 
a  part  of  the  BBD  mat  (9,  14),  and  as  mentioned  previously, 
the  primers  used  in  these  studies  should  have  recognized  the 
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16S  rRNA  genes  from  Beggiatoa  spp.  (9).  A  lingering  possibil¬ 
ity  is  that  Beggiatoa  exists  at  cell  counts  below  PCR  detection 
limits.  If  Beggiatoa  is  not  present,  the  oxidation  of  sulfide  in  the 
BBD  mat  would  need  to  be  explained  by  the  activity  of  other 
organisms.  Previous  work  consistently  detected  the  presence  of 
an  e-proteobacterium  in  the  BBD  samples,  although  it  proba¬ 
bly  represents  a  small  fraction  of  the  total  community  (9,  14). 
These  species  of  e-proteobacterium  were  not  present  in 
healthy  corals.  Marine  e-proteobacteria  are  capable  of  oxidiz¬ 
ing  sulfide  into  sulfate  (39),  which  could  explain  the  observa¬ 
tions  made  by  other  researchers  regarding  the  sulfide/sulfate 
profiles  observed  in  BBD  and  attributed  to  Beggiatoa  (7,  28). 

The  sulfate-reducing  bacterium  Desulfovibrio  was  identified 
both  optically  and  by  using  16S  rRNA-targeted  oligonucleotide 
probes  (4,  15,  33).  The  species  of  8-proteobacteria  we  have 
identified  as  an  important  part  of  the  BBD  mat  is  nearly  iden¬ 
tical  to  8-proteobacteria  clone  128-9-6,  which  has  high  homol¬ 
ogy  with  Desulfovibrio  species  (9).  Nonetheless,  the  same  spe¬ 
cies  of  8-proteobacteria  was  also  present  in  all  the  healthy  coral 
samples  analyzed  and  at  levels  comparable  to  those  observed 
during  infection. 

One  member  of  the  CFB  group,  clone  R3-M4,  was  not 
consistently  found  in  the  healthy  coral  samples,  although  it 
represented  a  large  fraction  of  DNA  isolated  from  the  BBD 
mat  (14.2%).  This  species  has  homology  with  Cytophaga  fer - 
mentans,  and  similar  sequences  were  previously  identified  in 
BBD  clone  libraries  (14).  Cooney  et  al.  have  also  found  that 
there  is  a  Cytophaga  species  present  in  BBD  but  not  in  healthy 
coral  samples  (9).  The  species  identified  by  those  researchers 
seems  to  be  different  from  the  species  we  have  identified.  The 
CFB  group  includes  well-known  pathogens  that  infect  a  variety 
of  organisms  inhabiting  many  different  environments.  For  ex¬ 
ample,  the  CFB  group  includes  species  that  are  responsible  for 
a  number  of  diseases  in  freshwater  and  saltwater  fish  (6,  8,  23, 
36).  The  other  CFB  group  species  identified  as  important  in 
BBD  (clone  CD22E1)  makes  up  an  important  fraction  of  the 
bacterial  community,  up  to  22.12%.  This  clone  was  present 
only  at  low  levels  on  healthy  corals  (0.75%),  indicating  that 
BBD  disease  is  somehow  advantageous  for  its  growth. 

Five  species  of  the  division  Firmicutes  were  identified;  each 
species  constituted  an  important  fraction  of  the  infectious  mat. 
Four  of  five  species  of  Firmicutes  present  in  healthy  coral 
samples  increased  their  relative  number  during  infection. 
Clone  CD22B1  has  homology  with  clone  CD4B11  (GenBank 
accession  number  AY038526),  an  uncultured  firmicute  previ¬ 
ously  identified  in  BBD  samples,  but  not  in  healthy  corals  using 
clone  libraries  (16).  This  clone  was  present  in  only  two  of  three 
healthy  coral  samples  analyzed.  However,  it  may  not  be  im¬ 
portant  for  the  progression  of  the  disease,  since  it  is  found  in 
widely  variable  proportions  (from  0.50  to  15.33%)  during  in¬ 
fection. 

Clone  CD22B8  has  homology  with  clone  128-3-6  (GenBank 
accession  number  AF473927),  an  uncultured  member  of  the 
Firmicutes  that  was  previously  identified  in  BBD  samples  by 
other  researchers  (10).  Although  present  in  all  healthy  coral 
samples,  there  was  a  24-fold  increase  in  its  relative  proportion 
from  healthy  to  diseased  communities. 

Finally,  the  cyanobacteria  present  in  the  BBD-infecied  coral 
samples  are  completely  absent  in  the  healthy  coral  samples 
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analyzed.  This  further  confirms  the  importance  of  the  cya¬ 
nobacteria  in  the  development  of  the  disease. 

The  complex  community  of  microorganisms  present  in  BBD 
mats  has  made  it  difficult  to  understand  the  onset  and  progres¬ 
sion  of  the  disease.  The  strategy  of  comparative  T-RFLP  anal¬ 
ysis,  cloning,  and  sequencing  used  in  this  study  has  identified  a 
subset  of  bacterial  species  likely  to  play  important  roles  in  the 
etiology  of  BBD.  Having  identified  these  species,  classical 
methods  of  culture  may  be  employed  to  determine  how  each 
may  contribute  to  the  disease.  This  same  strategy  could  be 
applied  in  the  study  of  other  diseases  or  to  analyze  microbial 
activity  in  complex  systems. 
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Abstract  Bacterial  communities  inhabiting  healthy  tis¬ 
sues  of  the  reef-building  corals  Diploria  strigosa  and 
Montastraea  annularis  were  evaluated  across  a  human- 
induced  environmental  gradient  along  the  southern 
coast  of  Curasao,  Netherlands  Antilles.  Variations  in 
bacterial  communities  inhabiting  coral  tissues  were 
determined  using  terminal  restriction  fragment  length 
polymorphisms  (T-RFLP)  of  16S  rRNA  genes,  and  the 
(S1::,N  value  of  coral  tissue  was  used  to  assess  the  relative 
amount  of  human  contaminants  at  each  reef  locality. 
Bacteria]  communities  of  D .  strigosa  were  more  vari¬ 
able  than  M.  annularis ,  but  there  were  no  systematic 
differences  in  the  populations  of  healthy  M.  annularis 
and  D.  strigosa .  The  6]5N  value  of  coral  tissues  showed 
as  much  as  a  l.5%0  increase  in  the  impacted  versus  the 
non-impacted  localities.  While  M.  annularis  showed  no 
significant  variation  in  bacterial  community  structure 
due  to  local  reef  conditions,  the  bacterial  communities 
of  D.  strigosa  showed  dramatic  shifts  in  community 
structure.  The  most  abundant  bacterial  taxa  inhabiting 
D.  strigosa  display  increased  dominance  at  impacted 
localities.  By  linking  variations  in  microbial  communi¬ 
ties  with  an  understanding  of  variations  in  local  envi¬ 
ronmental  conditions,  this  study  provides  a  means  of 
assessing  potential  factors  that  may  impact  the  micro¬ 
bial  habitat  of  coral  tissues  as  well  as  overall  reef 
health. 
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Introduction 

Bacterial  communities  inhabiting  reef  coral  tissues  are 
extremely  diverse.  Estimates  based  on  14  different  16S 
rRNA  gene  sequence  libraries  suggest  as  many  as  6,000 
different  ribotypes  are  associated  with  corals  (Rohwer 
et  al.  2002).  The  ability  to  harbor  these  diverse  com¬ 
munities  is  attributable  to  the  trapping  of  bacteria  at  the 
coral-seawater  interface  as  well  as  the  physiologically 
favorable  microenvironment  for  bacterial  growth  asso¬ 
ciated  with  coral  tissues  (Ducklow  and  Mitchell  1979  ). 
The  composition  of  these  communities  is  in  part  con¬ 
trolled  by  the  coral  itself  and  the  physical  and  chemical 
marine  environmental  conditions  of  the  reef  tract  (allo¬ 
genic  succession)  (Savage  1977).  In  turn,  bacteria  control 
community  composition  by  manipulating  the  physical 
and  chemical  microenvironment  of  the  tissues  they  in¬ 
habit  via  their  metabolic  activities  and  physical  presence 
(autogenic  succession). 

Coral-associated  bacteria  can  be  divided  into  four 
functional  groups:  (a)  bacteria  with  possible  roles  in 
coral  nutrition,  (b)  pathogenic  bacteria,  (c)  bacteria 
which  can  act  as  a  probiont,  aiding  the  growth  of  ben¬ 
eficial  bacteria  but  limiting  the  growth  of  pathogenic 
forms,  and  (d)  purely  commensal  bacteria  with  no  im¬ 
pact  on  the  other  three  groups.  Based  on  this  under¬ 
standing,  Porter  and  Tougas  (2001)  proposed  a  coral 
disease  model  in  which  climate  change  as  well  as  pollu¬ 
tion  alter  the  interactions  between  the  coral  host  and 
healthy  microbiota,  thereby  increasing  the  probability  of 
disease  outbreak.  Pantos  et  al.  (2003)  elaborated  on  this 
idea  outlining  five  different  mechanisms  through  which 
ecosystem  stress  could  affect  bacterial  communities 
inhabiting  coral  tissues:  (1)  direct  affect  on  bacteria,  (2) 
affect  on  coral  physiology  and  the  surface  microenvi¬ 
ronment,  (3)  compromised  coral  antibiotic  function,  (4) 
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loss  of  a  potential  bacterial  symbiotic  function,  and  (5) 
altered  coral  physiology  due  to  damage  response. 

In  support  of  the  coral  disease  model,  numerous  au¬ 
thors  have  suggested  a  possible  linkage  between  the 
increasing  frequency  of  coral  diseases  in  the  Caribbean 
and  human  disturbance  and  reduced  environmental 
quality  (Antonius  1988;  Bruckner  et  al.  1997;  Goreau 
et  al.  1998;  Kim  and  Harvel!  2002;  Peters  1993;  Taylor 
1983).  Furthermore,  patterns  of  disease  distribution 
obtained  from  the  global  coral  disease  database  (Green 
and  Bruckner  2000)  have  shown  that  97%  of  all  loca¬ 
tions  in  the  Caribbean  affected  by  coral  diseases  corre¬ 
spond  to  areas  where  human  activities  are  expected  to 
have  medium  to  high  impacts.  However,  due  to  the  low 
incidence  of  coral  disease,  fluctuations  in  local  environ¬ 
mental  conditions,  and  difficulty  identifying  and  quan¬ 
tifying  numerous  potentially  controlling  factors,  the 
relationship  between  coral  disease  and  environmental 
quality  remains  a  debated  issue  (Bruckner  and  Bruckner 
1999;  Kuta  and  Richardson  2002).  To  establish  a  better 
understanding  of  the  relationship  between  coral  disease 
and  the  environment,  additional  information  is  needed 
on  how  healthy  bacterial  populations  change  under 
varying  environmental  conditions. 

The  goal  of  the  present  study  was  to  evaluate  whether 
changes  in  the  composition  and  structure  of  the  micro¬ 
bial  communities  inhabiting  coral  tissue  can  be  used  as  a 
sensitive  indicator  of  environmental  changes  that  impact 
coral  reef  ecosystems.  Specifically,  does  the  daily  dis¬ 
charge  of  over  10,000  m3  of  sewage  (Gast  1998a),  in 
addition  to  other  pollutants,  associated  with  the  large 
commercial  and  military  seaport  near  Willemstad,  Cu¬ 
rasao,  Netherlands  Antilles  (Fig.  1)  have  an  effect  on 
bacterial  communities  inhabiting  tissues  of  healthy  col¬ 
onies  of  Montastraea  annularis  or  Diploria  slrigosal  In 


Fig.  1  Map  of  Curasao.  Netherlands  Antilles,  in  the  southern 
Caribbean  Sea.  The  five  sites  chosen  for  this  project  are  distributed 
along  the  leeward  coast  of  the  island  as  indicated.  The  major 
seaport  of  St.  Annabaai  and  one  of  its  major  sewage  outlet  pipes 
are  shown.  Boca  Simon  and  Water  Plant,  directly  up  and 
downcurrent  from  St.  Annabaai,  are  the  most  environmentally 
impacted  sites.  Playa  Hundu  is  the  least  impacted  site 


addition,  do  the  bacterial  communities  collected  from 
the  healthy  portions  of  disease  infected  colonies  of 
D.  strigosa  deviate  significantly  from  those  of  non-in- 
fected  colonies? 

The  present  study  concentrated  on  shallow  fringing 
reefs  at  four  localities  along  a  35-km  stretch  of  the  reef 
tract.  The  <5,5N  and  <5,3C  values  of  coral  tissues  were 
used  to  assess  the  relative  impact  of  human  activities  at 
each  locality.  Due  to  transformations  of  dissolved 
inorganic  nitrogen  (DIN)  through  ammonia  volatiliza¬ 
tion,  denitrification  of  nitrate,  and  nitrification  of 
ammonia,  wastewater  derived  from  sewage  treatment 
plants  is  generally  enriched  in  the  heavy  isotope  of 
nitrogen,  (Heikoop  et  al.  1998,  2000a,  b).  Carbon 
isotopes  are  utilized  to  determine  the  relative  propor¬ 
tions  of  autotrophic  and  heterotrophic  modes  of  coral 
nutrition  (Risk  et  al.  1994). 

The  numerically  dominant  representatives  of  the 
bacterial  community  of  coral  tissue  were  characterized 
through  the  use  of  terminal  restriction  fragment  length 
polymorphisms  (T-RFLP)  of  16S  rRNA  genes.  The 
variation  in  bacterial  communities  was  analyzed  quan¬ 
titatively  using  a  combination  of  statistical  procedures, 
including  multidimensional  scaling  (MDS),  one-way 
analysis  of  similarity  (ANOSIM),  and  similarity  per¬ 
centages  (SIMPER)  (Clarke  and  Warwick  2001). 


Materials  and  Methods 

Coral  tissue  <5I5N  and  £,3C 

To  assess  human  impacts  on  the  reefs  of  Curasao, 
Netherlands  An t i  1  lies,  tissue  samples  of  M.  annularis 
were  collected  from  five  different  reef  localities  for 
nitrogen  and  carbon  isotope  analysis.  These  locations 
include:  Jan  Thiel  (8  km  upcurrent  from  the  seaport  and 
the  large  urban  center  of  Willemstad),  Boca  Simon  and 
Water  Plant  (immediately  adjacent  to  the  seaport  and 
urban  center),  and  Snake  Bay  and  Playa  Hundu  (9 
and  32  km  downcurrent,  respectively)  (Fig.  1).  Whole 
colonies  of  A/.  annularis  were  collected  at  a  water  depth 
of  approximately  5  m  with  a  hammer  and  chisel.  An 
area  of  tissue  approximately  25  citt  was  removed  from 
the  upper  growth  surface  of  each  colony  using  a  small 
microdrill.  Samples  were  decalcified  using  1  N  hydro¬ 
chloric  acid,  then  rinsed  in  distilled  water  and  dried 
using  a  Vacufuge  Concentrator  5301  (Eppendorf, 
Westbury,  NY,  USA).  All  samples  contain  a  combina¬ 
tion  of  host  coral  tissue  and  zooxanthellae.  Samples 
(0. 5-1.0  mg)  were  analyzed  in  continuous  flow  mode 
utilizing  a  Eurovector  Elemental  analyzer  coupled  to  a 
Micromass  Isoprime  mass  spectrometer  located  in  the 
Department  of  Earth  and  Environmental  Science  at  Los 
Alamos  National  Laboratory.  Typical  precision  based 
on  replicates  of  coral  tissue  samples  and  in  house  coral 
tissue  standards  is  <0.2%o  (la).  Values  were  calibrated 
using  in  house  standards  comprised  of  deep-sea  coral 
tissue  (Heikoop  et  al.  2002)  which  were  originally 


analyzed  in  the  laboratory  of  Zachary  Sharp  at  the 
University  of  New  Mexico  and  calibrated  against  IAEA- 
N3  and  USGS  RSIL  Nil  potassium  nitrate  standards. 


Coral  sample  collection  for  molecular  analysis 

Healthy  tissues  from  both  non-infected  and  black  band 
disease  (BBD)  infected  coral  samples  were  collected  from 
shallow  fringing  reefs  (~5  m  water  depth)  approximately 
75  m  offshore  at  four  localities  along  the  reef  tract:  Boca 
Simon  and  Water  Plant,  (immediately  adjacent  to  the 
seaport  and  large  urban  center  of  Willemstad),  and  Snake 
Bay  and  Playa  Hundu,  (9  and  32  km  downcurrent, 
respectively).  Four  healthy  colonies  each  of  M.  annularis 
and  D.  strigosa  were  collected  and  analyzed  from  each 
locality.  Healthy  coral  tissue  was  also  collected  approxi¬ 
mately  5  cm  preceding  the  advancing  BBD  bacterial  mat 
on  three  colonies  of  D.  strigosa  at  the  Water  Plant  locality. 
Samples  were  collected  from  the  surface  by  removing  a 
2x2-cm  portion  of  the  uppermost  1  cm  of  the  coral  colony 
with  a  chisel  and  placing  the  sample  in  a  sterile  disposable 
50  ml  polypropylene  centrifuge  tube.  Upon  returning  to 
the  shore,  the  seawater  within  each  tube  was  decanted, 
immersed  in  80%  ethanol,  crushed,  and  homogenized, 
creating  a  slurry  of  coral  tissue,  zooxanthellae,  mucus, 
microorganisms,  and  skeletal  material.  Previous  studies 
have  shown  there  to  be  very  little  overlap  between  the 
bacterial  species  detected  from  reef-water  and  coral  tis¬ 
sues  (Frias-Lopez  et  al.  2002;  Rohwer  et  al.  2001).  Based 
on  these  studies,  we  chose  to  focus  solely  on  the  bacterial 
communities  of  D.  strigosa  and  M .  annularis. 


DNA  extraction 

A  combined  bead  beating  and  freeze-thaw  cycling  pro¬ 
tocol  was  used  to  extract  genomic  DNA  from  coral 
slurries.  To  begin,  2  ml  of  sample  was  concentrated  via 
centrifugation  and  resuspended  in  800  pi  of  sterile  ultra 
pure  water  and  200  pi  phenol  TE  7-8,  to  which 
approximately  800  pi  of  0.1  mm  zirconia-silica  beads 
were  then  added  (BioSpec  Products,  Bartlesville,  OK, 
USA).  These  samples  were  frozen  at  -80°C  and  rapidly 
thawed  by  plunging  the  tubes  into  a  65°C  water  bath. 
This  freeze-thaw  cycle  was  repeated  three  times,  with  the 
tubes  vigorously  agitated  on  a  vortex  apparatus  after 
each  thaw  cycle.  Samples  were  shaken  on  a  reciprocating 
Mini-BeadBeater-8  (BioSpec  Products)  for  l  min  at  the 
“homogenize”  speed  setting.  Standard  phenol  DNA 
extraction  procedures  were  used  (Sambrook  et  al.  1989), 
and  ethanol-precipitated  lysate  was  used  in  all  sub¬ 
sequent  procedures. 


PCR  amplification  and  T-RFLP 

Optimization  of  PCR  was  performed  for  each  sample 
by  adjusting  the  amount  of  genomic  DNA  extract  used 


to  obtain  a  strong  band  on  an  agarose  gel,  without 
visible  nonspecific  product  (Blackwood  et  al.  2003).  The 
genes  encoding  for  16S  rDNA  were  amplified  with  a 
Mastercycler  gradient  thermocycler  (Eppendorf)  by 
PCR  using  specific  16S  rRNA  primers  for  bacteria. 
Primers  used  in  the  PCR  amplifications  were  Univ 
9F  (S'-GAGTTTGATYMTGGCTC)  and  Univ  1509R 
(5/-GYTACCTTGTTACGACTT)  (Integrated  DNA 
Technologies  Coralville,  IA,  USA).  Univ  9F  was 
labeled  at  the  5'  end  with  phosphoramidite  fluoro- 
chrome  6-carboxyfluorescein  (6-FAM).  PCR  was  per¬ 
formed  using  a  reaction  mixture  of  0.2  mM  of  each 
deoxynucleoside  triphosphate  (Gibco/BRL,  Rockville, 
MD,  USA),  200  ng  each  of  the  forward  and  reverse 
primers,  0.5-10  pi  of  the  sample  preparation,  IX  Taq 
Master,  IX  Taq  Buffer  (50  mM  KC1,  10  mM  Tris-HCl 
pH  8.3,  1.5  mM  Mg(OAc)2)  and  water  to  bring  the 
total  volume  to  50  pi. 

To  obtain  an  adequate  mass  of  DNA  for  T-RFLP 
analysis,  the  previously  described  PCR  reactions  were 
performed  in  quadruplet.  Pooled  replicates  were  purified 
using  the  Wizard  PCR  prep  kit  (Promega,  Madison,  WI, 
USA).  DNA  was  eluted  with  30  pi  of  sterile  water 
heated  to  65°C.  Restriction  digests  were  performed 
independently  using  three  tetrameric  enzymes  (Hha I, 
Msp\,  and  RsaY).  A  volume  of  8  pi  of  purified  PCR 
product  was  added  to  9  pi  of  sterile  water  and  3  pi  of 
restriction  enzyme  master  mix  containing  10  U  of 
restriction  enzyme  and  IX  reaction  buffer.  Incubation 
was  done  at  37°C  for  6  h  followed  by  15  min  at  65°C  to 
denature  the  restriction  enzyme. 

Prior  to  loading  on  a  gel,  1  pi  of  sample  was  added  to 
a  ‘loading  cocktail”  (1.25  pi  deionized  formamide, 
0.25  pi  blue  loading  dye,  and  0.3  pi  TAMRA  2500  size 
standard),  vortexed,  spun  down,  and  denatured  at  95°C 
for  3  min.  Samples  were  then  run  on  a  5%  Long  Ranger 
acrylamide  (Bio Whittaker)  and  7  M  urea  gel  for 
approximately  5  h.  T-RFLP  profiles  were  obtained 
using  an  Applied  Biosystems  Inc.  (ABI)  377-XL 
sequencer.  The  data  was  analyzed  using  the  ABI  Gene- 
Scan  software. 

To  test  the  variability  of  sample  T-RFLP  profiles 
due  to  potential  differences  in  DNA  extraction,  PCR 
amplification,  or  enzyme  digestion  efficiency,  sample 
BS-DSTR-1  was  processed  and  analyzed  in  triplicate 
(BS-DSTR-1  A,  -B,  -C).  T-RFLP  profiles  obtained 
from  these  three  replicate  analyses  showed  minimal 
variation  (Fig.  2).  After  pooling  results  from  profiles 
of  the  three  enzyme  digests,  a  total  of  31  different 
terminal  restriction  fragments  (T-RFs)  were  identified. 
Twenty-three  of  the  T-RFs  were  detected  on  all  three 
samples  and  another  seven  T-RFs  were  found  on  two 
of  the  three  samples.  Relative  peak  heights  were  nearly 
identical  for  the  three  replicate  samples.  These  results 
indicate  that  the  T-RFLP  methodology  applied  in  this 
study  is  robust,  and  comparisons  of  profiles  between 
different  samples  should  reflect  the  relative  simi¬ 
larity  of  the  microbial  communities  present  in  each 
sample. 


132 


Data  processing  and  statistical  analyses 

Sample  versus  T-RFLP  peak  data  matrices  were  con¬ 
structed  using  all  peaks  above  a  threshold  of  50  U  above 
background.  To  avoid  detection  of  primers  and  uncer¬ 
tainties  associated  with  fragment  size  determination, 
peaks  smaller  than  40  base  pairs  (bp)  and  larger  than 
550  bp  were  culled  from  the  data  set.  To  account  for 
variation  in  fragment  size  determination  between  sam¬ 
ples,  peaks  were  manually  aligned  and  placed  into 
groups.  Abundance  data  was  obtained  from  the  relative 
peak  height  following  sample  standardization  (Black¬ 
wood  et  al.  2003).  The  similarity  of  T-RFLP  peak  pro¬ 
files  among  all  possible  pairs  of  samples  was  calculated 
using  the  Bray-Curtis  (BC)  similarity  coefficient  (Bray 
and  Curtis  1957). 

Ordination  by  non-metric  MDS  (Kruskal  1964)  was 
performed  to  examine  differences  in  T-RFLP  peak  pat¬ 
terns  among  samples.  This  method  was  chosen  because  it 
makes  no  assumptions  about  the  underlying  distribution 
of  data.  Each  ordination  was  run  with  30  random  start  ing 
configurations  and  proceeded  through  multiple  iterations 
until  the  fit  of  a  non-parametric  regression  of  d  (distances 
between  samples  on  the  M  DS)  against  S  (similarities  in  the 
BC  matrix)  could  not  be  improved.  Sample  points  closest 
together  on  the  resulting  scatter  plot  represent  the 
T-RFLP  profiles  that  are  most  similar.  To  test  the  sig¬ 
nificance  of  T-RFLP  peak  differences  due  to  the  host 
species  or  reef  site,  the  BC  similarity  matrix  was  subjected 
to  the  ANOSIM  procedure  (Clarke  and  Warwick  2001). 
This  analysis  is  based  on  a  non-parametric  permutation 
procedure  applied  to  the  rank  similarity  matrix.  Ifsamples 
within  a  group  are  identical;  Global  R=  1.  SIMPER 
(Clarke  and  Warwick  2001)  was  used  to  determine  peak 
contributions  to  the  average  dissimilarity  of  samples 
between  different  sample  groups. 

In  cases  where  ANOSIM  and  MDS  show  no  differ¬ 
ences  in  T-RF  composition  among  communities  of  dif¬ 
ferent  host  species,  a  null  model  was  used  to  determine 
whether  the  observed  similarities  were  greater  or  less 
than  expected  from  a  species  assemblage  drawn  ran¬ 
domly  from  a  list  of  all  T-RFs  reported  in  the  data  set 
(Connor  and  Simberloff  1978).  The  expected  number  of 
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Fig.  2  T-RFLP  profiles  for  enzyme  digest  Hha\  collected  in 
triplicate  from  sample  BS-DSTR-1.  Fragment  sizes  scaled  in  base 
pairs  {bp) 


shared  T-RF  is:  Se  =  n\n2!N ,  where  ri\  and  n2  are  the 
observed  numbers  of  T-RFs  and  N  is  the  size  of  the 
species  pool.  Expected  and  observed  numbers  of  shared 
T-RFs  were  compared  using  a  two-sample  /-test. 


Results 

Coral  tissue  <515N  and  <5I3C 

Coral  tissue  <5,5N  data  from  M.  annularis  was  up  to 
^1.5%*,  higher  at  sites  adjacent  to  the  urban  center  of 
Willemstad  (Fig.  3).  These  results  reflect  higher  pro¬ 
portions  of  sewage  in  reef  seawater  immediately  adjacent 
to  the  seaport  at  Willemstad,  with  sewage  levels 
becoming  increasingly  diluted  downcurrent.  Tissue  <5,3C 
values  ranged  between  —10.88  and  -15.24%0 
(mean  =  —  1 3.62%0)  with  no  significant  correlation  to 
<5i5N  (r  =  0.388,  p-  0.067),  or  significant  differences  be¬ 
tween  localities. 


T-RFLP  analysis  of  bacterial  communities 

A  combined  total  of  1 19  different  T-RFs  were  identified 
from  the  96  different  T-RFLP  profiles  analyzed  from 
healthy  coral  samples  (32  Hha\,  32  Mspl,  and  32  Rsa\). 
The  rank  abundance  profile  (Fig.  4)  for  all  1 19  unique 
T-RFs  shows  that  while  no  single  peak  was  identified 
from  all  32  samples,  1 1  different  T-RFs  were  found  on  at 
least  30%  of  the  samples  analyzed.  A  total  of  90  dif¬ 
ferent  T-RFs  were  detected  from  colonies  of  M.  annu¬ 
laris ,  and  77  from  D.  strigosa . 


Species  variability 


No  statistically  significant  differences  in  T-RF  compo¬ 
sition  with  respect  to  host  species  ( M .  annularis  vs. 
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Fig.  3  Coral  tissue  <3 15 N  from  M.  annularis  collected  al  five 
localities  along  the  leeward  coast  of  Curasao 
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Fig.  4  Rank-abundance  curve  of  T-RFLP  peaks  detected  in  16 
samples  of  healthy  M.  annularis  and  16  samples  of  healthy  D. 
strigosa  {n=  I  19) 


D.  strigosa )  were  detected.  The  ANOSJM  statistical  test 
for  differences  in  T-RF  composition  does  not  indicate  a 
host  species  effect  (r  =  0.065,  p<  0.083).  MDS  ordination 
of  all  samples  from  all  environments  shows  almost 
complete  overlap  of  samples  from  the  two  host  species 
analyzed  (Fig.  5).  To  investigate  whether  the  similarity 
of  the  T-RF  profiles  between  host  species  were  any  dif¬ 
ferent  than  that  expected  by  chance,  the  null  model  of 
Connor  and  Simberloff  (1978)  was  applied.  Results  show 
that  more  T-RFs  were  shared  than  predicted  by  the  null 
model  (student's  /  =  9.606,  p<  0.0001). 


Reef  locality  variability 

To  test  the  effect  of  reef  locality  on  the  composition  of 
the  most  abundant  bacterial  species,  separate  data 
matrices  for  M.  annularis  (16  samples)  and  D.  strigosa 
(16  samples)  were  constructed  and  analyzed.  For  M. 
annularis ,  the  ANOSIM  statistical  test  for  differences  in 
T-RF  composition  between  localities  showed  no  signif¬ 
icant  locality  affect  (r  =  0. 149,  p<  0.073).  Ordination  of 
samples  by  MDS  shows  very  little  clustering  of  samples 
by  locality  (Fig.  6a).  Bacterial  populations  of  M .  annu- 
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Fig.  5  Non-metric  MDS  ordination  of  bacterial  assemblages 
inhabiting  the  coral  tissues  of  healthy  M.  annularis  (16  samples) 
and  D.  strigosa  (16  samples).  Overlap  between  bacterial  assem¬ 
blages  found  on  M.  annularis  and  D.  strigosa  suggest  the  dominant 
bacterial  populations  are  not  host  specific 


laris  thus  do  not  appear  to  be  affected  by  reef  locality 
and  the  proximity  to  the  seaport  at  Willemstad. 

The  results  of  the  ANOSIM  test  for  samples  collected 
from  D.  strigosa  however  suggest  distinct  variation  in 
T-RF  composition  based  on  reef  locality  (r  =  0.678, 
p  <  0.002).  In  the  MDS  ordination  of  D.  strigosa  from  all 
four  localities,  samples  show  distinct  clustering  by 
locality  (Fig.  6b).  Samples  collected  from  Water  Plant, 
the  locality  directly  downcurrent  from  the  seaport,  are 
very  tightly  clustered.  Samples  from  Boca  Simon,  di¬ 
rectly  upeurrent  from  the  seaport  and  large  sewage 
outflow  pipe,  also  show  distinct  clustering  of  samples. 
The  two  downcurrent  localities.  Snake  Bay  and  Playa 
Hundu,  show  considerable  overlap  and  increased  vari¬ 
ation  in  their  T-RF  composition. 

The  reduced  variability  at  Water  Plant  and  Boca 
Simon  observed  in  the  MDS  ordination  is  further  sup¬ 
ported  by  the  average  similarity  of  T-RFs  within  each 
locality.  The  average  similarity  in  T-RF  composition  for 
D.  strigosa  samples  collected  at  Water  Plant  (64.65%) 
and  Boca  Simon  (57.07%),  is  considerably  higher  than 
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Fig.  6  a  Non-metric  MDS  ordination  of  bacterial  assemblages 
inhabiting  the  coral  tissues  of  healthy  M.  annularis  (16  samples) 
collected  from  four  localities  along  the  leeward  reef  tract  of 
Cura9ao.  Overlap  between  bacterial  assemblages  found  at  different 
localities  suggests  the  dominant  bacterial  populations  inhabiting 
tissues  of  M.  annularis  are  not  controlled  by  differences  in  local 
water  quality,  b  Non-metric  MDS  ordination  of  bacterial  assem¬ 
blages  inhabiting  tissues  of  D.  strigosa  (16  samples).  Clustering  of 
bacterial  assemblages  found  at  different  localities  suggests  the 
dominant  bacterial  populations  inhabiting  tissues  of/),  strigosa  are 
in  part  controlled  by  differences  in  local  water  quality.  Localities 
immediately  upeurrent  (Boca  Simon)  and  downcurrent  (Water 
Plant)  of  the  large  seaport  at  St.  Annabaai  show  the  tightest 
clustering  within  their  bacterial  populations 
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those  of  Snake  Bay  (22.16%)  and  Playa  Hundu 
(18.63%).  Results  from  SIMPER  analysis  reveal  the 
major  peaks  responsible  for  the  differences  among  the 
four  reef  localities  (Table  1).  Water  Plant  is  distin¬ 
guished  from  Snake  Bay  and  Playa  Hundu  by  the 
greater  relative  abundance  of  Ms/ff-149,  Hha\-3M, 
/fatfI-106,  and  decreased  abundance  of  MspI-484  and 
Hhal-313.  Boca  Simon  is  distinguished  from  Snake  Bay 
and  Playa  Hundu  by  the  greater  relative  abundance  of 
Msp\-\36,  Hha\-36Q,  Mspl-19 ,  Rsa\-\\1  and  Hhal-203 
as  well  as  a  lesser  relative  abundance  of  Mspl-484.  A 
plot  of  the  average  k-dominance  curves  (Lambshead 
et  al.  1983)  (x-axis  logged)  of  T-RF  peaks  for  each 
locality  shows  a  higher  dominance  of  abundant  T-RFs 
at  polluted  localities  (BS  and  WP)  in  comparison  to  the 
two  downcurrent  localities  (Fig.  7). 

The  three  samples  of  seemingly  healthy  tissues  from 
BBD  infected  colonies  of  D.  strigosa  collected  at  Water 
Plant  also  showed  significant  differences  from  both  the 
downcurrent  (Snake  Bay  and  Playa  Hundu)  and  near¬ 
harbor  (Boca  Simon  and  Water  Plant)  samples 
(r  =  0.267,  p<  0.008).  The  average  similarity  in  T-RF 
composition  for  diseased  samples  was  32.23%,  and  all 
three  samples  plotted  together  in  an  MDS  ordination 
with  other  healthy  D.  strigosa  (Fig.  8).  The  diseased 
samples  are  most  easily  distinguished  from  near-harbor 
and  downcurrent  localities  by  the  greater  relative 
abundance  of  Mspl-92,  Ms/T-lOO,  Msp\-\25 ,  A/spI-149, 
A/5/T-507,  /fcaI-84,  /foal-91,  Hhal-1%  Hhal-Sl,  as  well 
as  a  lesser  relative  abundance  of  Hha\-365  and  Hha\- 
342.  A  plot  of  the  average  k-dominance  curves  of  T-RF 
peaks  for  diseased  (/?  =  3),  near-harbor  (n  =  8)  and 
downcurrent  (n  =  8)  samples  show  a  higher  dominance 
of  abundant  T-RFs  in  diseased  and  near-harbor  samples 
in  comparison  to  the  downcurrent  samples  (Fig.  9). 
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Fig.  7  Average  A-dominance  curves  (.x-axis  logged)  of  T-RF  peaks 
obtained  from  four  colonies  of  healthy  D .  strigosa  at  each  of  four 
localities  along  the  leeward  coast  of  Curasao 
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Fig.  8  Non-metric  MDS  ordination  of  bacterial  assemblages 
associated  with  near-harbor  (eight  samples),  downcurrent  (eight 
samples),  and  seemingly  healthy  tissues  of  BBD  infected  (three 
samples)  colonies  of  D.  strigosa 


Discussion 

The  island  of  Curasao  is  61  km  long  and  14  km  wide  at 
its  widest  point  (Fig.  1).  It  is  surrounded  by  fringing 


reefs  up  to  250  m  from  shore  where  the  seafloor  slopes 
down  from  8-10  to  30-50  m  water  depth  (Van  Duyl 
1985).  The  approximately  150,000  people  living  on  Cu¬ 
rasao  are  concentrated  in  the  capital  city  of  Willemstad, 
which  surrounds  the  large  natural  harbor  of  St.  Anna- 


Table  1  T-RFs  distinguishing  healthy  bacterial  communities  of  D.  strigosa  at  four  localities 


Boca  Simon 

Water  Plant 

Snake  Bay 

Playa  Hundu 

Avg.  abu.a 

Avg.  sim.b 

Avg.  abu. 

Avg.  sim. 

Avg.  abu. 

Avg.  sim. 

Avg.  abu. 

Avg.  sim. 

Msp\-\36 

26.46 

12.87 

0 

0 

2.28 

0 

2.14 

0 

Hhal-360 

18.57 

11.89 

0 

0 

3.95 

0 

4.17 

0 

Msp\-19 

11.76 

9.87 

0 

0 

0 

0 

0 

0 

///jflI-203 

10.72 

9.37 

0 

0 

1.59 

0 

0 

0 

RsaU\\7 

7.97 

8.23 

0 

0 

0 

0 

0 

0 

Hhal-313 

1.49 

0 

0 

0 

6.12 

4.68 

3.31 

5.19 

Msp\-\  49 

0.55 

0 

31.36 

12.41 

7.57 

4.75 

11.17 

0 

Hhal-342 

0 

0 

20.14 

10.88 

11.73 

1 .94 

8.74 

0 

Rsal-106 

0 

0 

17.92 

10.73 

2.22 

0 

0 

0 

Msp\-4%4 

0 

0 

0 

0 

9.56 

1.39 

22.04 

7.89 

,l Average  (%)  abundance  per  locality 

^T-RF  contribution  to  the  mean  BC  (%)  similarity  at  each  locality 
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Fig.  9  Average  A: -dominance  curves  (.v-axis  logged)  of  T-RF  peaks 
obtained  from  near-harbor  (eight  samples),  downcurrent  (eight 
samples),  and  seemingly  healthy  tissues  of  BBD  infected  (three 
samples)  colonies  of  D.  strigosa 

baai.  This  large  commercial,  municipal,  and  military 
harbor,  and  the  urban  center  of  Willemstad  are  major 
sources  of  pollutants  such  as  nutrients,  metals,  hydro¬ 
carbons,  and  other  toxic  chemicals  (Gast  1998b).  Cast 
(1998a)  has  shown  that  elevated  ammonium,  nitrite  and 
nitrate  associated  with  sewage  discharge,  and  ground- 
water  seepage  onto  the  reef  can  be  measured  up  to  4  km 
downcurrent  of  the  harbor.  In  association  with  this 
eutrophication,  bacterial  production  was  increased  from 
100-500  to  about  1,200  ngC  l"1  h-1  (Gast  1998a). 
While  direct  linkages  have  yet  to  be  established,  it  is 
believed  that  contaminants  are  having  a  detrimental 
effect  on  the  shallow  water  reef  ecosystems  (Bak  and 
Nieuwland  1995;  Gast  1998b;  Meesterset  al.  2001).  Gast 
(1998b)  reports  both  coral  cover  and  species  diversity  to 
be  reduced  up  to  50%  near  Boca  Simon  in  comparison 
to  more  pristine  localities  further  upcurrent.  Further¬ 
more,  changes  in  coral  population  structure  near  Boca 
Simon  indicate  a  decline  in  new  coral  recruits  (Meesters 
et  al.  2001). 

The  values  of  coral  tissue  <5I5N  from  M.  annularis 
presented  here  (Fig.  3)  agree  with  the  previously  re¬ 
ported  trends  of  eutrophication  on  Curasao  (Gast 
1998a,  b;  Gast  et  al.  1998)  and  provide  a  very  simple 
means  of  assessing  the  potential  anthropogenic  influence 
on  individual  reef  localities.  The  ~1.5%0  increase  in  coral 
tissue  <5i5N  from  M .  annularis  at  sites  adjacent  to  the 
urban  center  of  Willemstad  is  consistent  with  Heikoop 
et  al.  (2000b),  which  demonstrated  that  on  average  the 
S]5N  of  Porites  lobata  tissues  in  the  Indo-Pacific  is 
increased  by  1.56%0  at  polluted  localities. 


Microbial  communities  of  healthy  reef  corals 

It  is  well  established  that  coral  tissues  harbor  diverse 
bacterial  communities  (Frias-Lopez  et  al.  2002;  Gast 
et  al.  1998;  Rohwer  et  al.  2001);  and  histological 
evidence  suggests  these  communities  are  primarily 


associated  with  the  coral  surface  microlayer  or  coelen- 
teron  (Bythell  et  al.  2002).  The  open  question  is:  what 
influence  do  these  bacterial  communities  have  on  the  life 
processes  of  reef  corals  and  the  overall  health  of  the 
ecosystem? 

The  consistent  presence  of  a  strain  would  imply  that 
it  might  be  specifically  adapted  to  live  in  association  with 
coral  tissues,  potentially  having  an  important  role 
maintaining  coral  nutrition  or  excluding  potential 
pathogens.  While  no  single  isolate  was  detected  on  all  32 
samples  analyzed  in  the  present  study,  1 1  different  T-RF 
peaks  were  shown  to  occur  on  at  least  1 1  (30%)  of  the 
samples  analyzed.  These  frequent  occurrences,  along 
with  the  fact  that  none  of  these  peaks  matched  theo¬ 
retical  restriction  enzyme  digests  of  16S  rRNA  gene  se¬ 
quence  libraries  of  reef  water  samples  (Frias-Lopez  et  al. 
2002),  supports  the  notion  that  these  bacteria  may  be 
highly  adapted  to  coral  surfaces.  In  a  previous  study  of 
coral-associated  bacteria,  Rohwer  et  al.  (2001)  showed 
that  25  samples  of  healthy  tissues  of  Montastraea frank  si 
collected  from  five  different  reefs  near  Bocas  del  Toro, 
Panama,  all  contained  a-proteobacteria  closely  related 
to  Silicibacter  lacuscaerulensis ,  a  potential  nitrogen  fix¬ 
ing  bacteria.  Additionally,  Rohwer  et  al.  (2002)  con¬ 
firmed  the  presence  of  a  y-proteobacteria,  PA  I,  in  over 
50  healthy  tissue  samples  of  Porites  asteroides  and 
Pantos  et  al.  (2003)  identified  a  jTproteobacteria  with 
high  similarity  to  Comamonas  present  in  three  different 
samples  analyzed.  Further  characterization  of  the  role  of 
these  specific  coral-associated  strains  will  be  very  infor¬ 
mative,  and  the  T-RFLP  data  presented  here  suggests 
that  there  are  potentially  many  more  strains  worthy  of 
additional  study. 

Rohwer  et  al.  (2002)  also  showed  that  the  frequency 
of  different  bacterial  groups  detected  in  clone  libraries 
varied  substantially  between  M.  franks i,  D .  strigosa ,  and 
P.  asteroides  collected  from  the  same  environmental 
setting.  From  the  T-RFLP  data  presented  here,  we 
found  the  dominant  bacterial  species  associated  with 
M.  annularis  and  D.  strigosa  to  be  very  similar.  In  fact, 
over  half  of  the  T-RFs  detected  in  this  study  were 
present  in  samples  of  both  M.  annularis  and  D.  strigosa. 
This  does  not  contradict  the  findings  of  Rhower  et  al. 
(2002).  Clone  library  and  T-RFLP  data  sets  are  funda¬ 
mentally  different.  While  T-RFLP  is  able  to  detect 
quantitative  differences  in  the  most  abundant  taxa,  it 
does  not  detect  lesser  abundant  organisms.  It  is  alto¬ 
gether  possible  that  despite  seeing  few  distinct  differ¬ 
ences  between  the  dominant  bacterial  species  associated 
with  M.  annularis  and  D .  strigosa ,  the  relative  abun¬ 
dance  of  less  common  species  from  more  broadly  de¬ 
fined  bacterial  groups  (i.e.,  a-proteobacteria)  would  be 
characteristic  of  the  host  species.  Rhower  et  al.  (2002) 
detected  several  ribotypes  common  between  the  different 
host  species  analyzed.  If  these  common  ribotypes  were  in 
fact  the  most  abundant  organisms  of  the  microbial 
community,  recognizing  unique  communities  from  the 
different  host  corals  using  T-RFLP  might  be  difficult.  It 
is  also  possible  that  differences  between  these  two  studies 
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could  be  attributed  to  differences  in  the  host  species 
investigated  (e.g.,  M.  annularis  vs.  M.  franksi)  or  the 
local  reef  conditions  from  which  they  were  collected. 

The  reduced  variation  in  bacterial  communities 
inhabiting  D.  strigosa  at  Water  Plant  and  Boca  Simon 
observed  in  the  MDS  ordination  (Fig.  6b),  as  well  as 
their  characteristic  community  structure  in  comparison 
to  the  downcurrent  localities,  suggests  that  certain  bac¬ 
terial  species  are  being  selected  or  enriched  for.  These 
shifts  in  the  structure  of  bacterial  communities  inhabit¬ 
ing  healthy  tissues  of  D.  strigosa  could  be  due  to  either 
environmental  factors  acting  directly  on  the  bacterial 
communities,  or  indirectly  via  a  physiological  response 
of  the  coral  (i.e.,  changes  in  the  rate  of  photosynthesis  or 
respiration)  induced  by  these  same  environmental  fac¬ 
tors.  Furthermore,  there  is  currently  very  little  known 
about  reef-water  microbial  communities.  While  recent 
molecular  screening  studies  have  found  very  little  over¬ 
lap  between  the  bacterial  species  detected  from  reef- 
water  and  coral  tissues  (Frias-Lopez  et  al.  2002;  Rohwer 
et  al.  2001),  these  two  communities  must  interact  at 
some  level. 

No  consistent  changes  were  detected  in  the  bacterial 
communities  of  M.  annularis  among  the  four  localities 
sampled  in  the  present  study.  One  explanation  for  this 
negative  response  is  that  the  natural  variation  in  the 
dominant  bacterial  communities  of  A/,  annularis  may  be 
too  great  to  detect  shifts  in  community  structure  using 
only  the  dominant  bacterial  species.  However,  if  changes 
in  bacterial  community  structure  are  primarily  due  to  a 
host  physiological  response,  the  lack  of  change  in  the 
bacterial  communities  may  reflect  the  absence  of  a  re¬ 
sponse  in  host  physiology  to  the  local  reef  conditions.  A 
variable  host  response  is  consistent  with  coral  bleaching 
studies,  which  show  the  physiological  response  of  both 
reef  corals  and  zooxanthellae  to  various  environmental 
factors  differ  between  species  (Brown  1997).  It  is  inter¬ 
esting  to  note  that  on  the  reefs  of  Curasao  the  impact  of 
local  reef  conditions  on  the  population  structure  of 
D.  strigosa  appears  to  be  more  pronounced  than  that  of 
Af.  annularis  (Meesters  et  al.  2001). 

Increased  dominance  of  specific  bacterial  strains  is  a 
common  response  observed  in  disturbed  environments 
(Haack  et  al.  2004;  Salyers  and  Whitt  1994;  Torsvik 
et  al.  2002).  The  bacterial  communities  inhabiting  D . 
strigosa  at  impacted  localities  showed  an  increased 
dominance  of  the  most  prevalent  T-RFs,  as  do  com¬ 
munities  associated  with  the  apparently  healthy  tissues 
of  diseased  corals  (Fig.  7).  This  increase  in  dominant  T- 
RFs  is  also  consistent  with  Pantos  et  al.  (2003)  who  re¬ 
ported  a  greater  number  of  DGGE  bands  in  healthy 
coral  tissues  from  M.  annularis  in  than  apparently 
healthy  tissues  of  colonies  infected  with  a  plague-like 
disease.  The  similar  response  of  bacterial  communities 
inhabiting  tissues  of  D.  strigosa  at  impacted  localities, 
and  those  inhabiting  healthy  tissues  of  diseased  corals 
does  not,  however;  necessarily  reflect  a  common  cause, 
or  prove  that  the  shifts  in  bacterial  communities  ob¬ 
served  on  D.  strigosa  collected  from  impacted  localities 


make  a  coral  any  more  susceptible  to  disease.  However, 
the  observed  shifts  in  the  bacterial  communities  inhab¬ 
iting  D.  strigosa  at  impacted  localities  is  consistent  with 
the  coral  disease  model  presented  by  Porter  and  Tougas 
(2001). 

The  primary  goal  of  this  study  was  to  determine  if 
human-induced  spatial  heterogeneities  in  reef  environ¬ 
ments  affect  the  patterning  of  bacterial  communities 
inhabiting  the  tissues  of  healthy  reef  corals.  By  com¬ 
bining  DNA  fingerprinting  techniques  used  to  charac¬ 
terize  the  most  abundant  organisms  with  multivariate 
statistical  methods,  we  have  shown  that  local  environ¬ 
mental  conditions  can  influence  the  patterning  of  bac¬ 
terial  communities  inhabiting  coral  tissues,  however 
similar  trends  may  not  be  expected  for  all  coral  species. 
A  better  understanding  of  how  bacterial  communities 
respond  to  environmental  conditions  will  require  highly 
controlled  studies  targeting  specific  environmental  fac¬ 
tors.  However,  the  strength  of  these  studies  depend  on 
further  characterization  of  natural  reef-water  microbial 
communities,  as  well  as  a  greater  understanding  of  how 
coral  physiology  affects  the  microbial  communities 
inhabiting  their  tissues. 
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Abstract.  Black  band  disease  (BBD)  is  an  infectious 
bacterial  disease  caused  by  the  migration  of  a  black 
mat  of  microorganisms  across  the  surface  of  coral 
colonies,  consuming  healthy  coral  tissue  and  leaving 
dead  skeleton  behind.  Although  a  complex  community 
of  bacteria  composes  the  infectious  bacterial  mat,  the 
most  abundant  organism  present  in  the  mat  is  a  large 
filamentous,  non-heterocyst  cyanobacterium,  identified 
as  Phormidium  corallyticum.  In  spite  of  our  knowledge 
on  the  composition  of  the  BBD  mat,  the  mechanisms 
by  which  this  disease  destroys  coral  tissue  remains 
unclear. 

The  results  presented  in  this  paper  show  that 
an  extract  from  the  BBD  mat  has  toxic  effects  on  the 
growth  and  viability  of  the  symbiotic  dinoflagellate 
Symbiodinium  sp.  Nonetheless,  neither  the  pellet 
recovered  from  the  extraction  nor  extracts  from  other 
bacteria  have  such  an  effect,  suggesting  that  neither 
LPS  nor  membrane  proteins  are  involved  in  BBD 
toxicity.  Moreover,  this  compound  has  a  molecular 
weight  lower  than  10,000  Da  and  is  heat  stable.  All 
these  results  indicate  that  there  is  a  toxic  compound 
possibly  involved  in  the  mechanism  of  pathogenesis  of 
BBD  in  corals.  Further  studies  will  involve  the 
isolation  and  characterization  of  such  compound. 
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Introduction 

Coral  diseases  have  recently  been  recognized  as 
key  elements  in  the  health  status  of  coral  reefs.  Reports 
describing  new  coral  diseases  and  their  incidence  have 
been  increasingly  appearing  in  the  literature.  However, 
despite  the  new  awareness  of  their  importance,  our 
knowledge  on  the  etiology  and  origin  of  these  diseases 
is  still  limited. 

Black  band  disease  (BBD)  is  one  of  the  most 
widespread  and  well-studied  coral  diseases.  It  is  well 
established  that  BBD  is  an  infectious  disease  caused  by 
the  activity  of  a  complex  bacterial  mat.  This  bacterial 
mat  forms  a  ring-shaped  black  band  that  moves  from 
top-to-bottom  across  coral  colonies.  BBD  is  able  to 
infect  a  large  number  of  different  species  of  corals.  In 


the  Caribbean,  BBD  has  frequently  been  detected 
infecting  colonies  of  Diploria  strigosa ,  D  . 
labyrinthoformis ,  Montastrea  annularis,  and  M . 
cavernosa  (Antonius  1981;  Edmunds  1991;  Rtitzler 
and  Santavy  1983).  These  are  among  the  most 
ecologically  important  scleractinian  corals  in  those 
reefs  and  therefore  coral  mortality  caused  by  BBD  is 
an  important  force  in  the  restructuring  of  these  coral 
reef  communities  (Edmunds  1991;  Kuta  and 
Richardson  1997).  Moreover,  once  the  coral  is  infected 
by  BBD  the  bacterial  mat  migrates  at  a  high  rate, 
destroying  the  coral  colony  in  a  short  period  of  time. 

Although  the  bacterial  mat  causing  BBD  has  been 
characterized,  the  cause,  origin  and  mechanisms  of 
infection  of  the  disease  remain  unknown.  By  far,  the 
most  abundant  organism  in  the  BBD  microbial  mat  is  a 
large  filamentous  cyanobacterium,  identified  optically 
as  Phormidium  corallyticum  (Richardson  1998;  Riitzler 
and  Santavy  1983).  Nonetheless,  the  BBD  mat  is 
composed  of  highly  complex  bacterial  communities, 
with  a  number  of  different  bacterial  species  that  are  not 
found  on  healthy  coral  or  surrounding  seawater 
(Cooney  et  al.  2002;  Frias-Lopez  et  al.  2002).  The  role 
of  specific  BBD  microorganisms  in  the  progression  of 
the  disease  remains  unclear. 

In  this  study,  we  present  results  indicating  that  the 
production  of  a  small  toxic  compound  that  has 
cytotoxic  activity  against  Symbiodinium  sp.,  the 
symbiotic  dinoflagellate  living  in  corals.  These  results 
may  explain  in  part  the  role  of  Phormidium 
corallyticum  in  the  disease  as  well  as  the  mechanism  of 
tissue  destruction. 

Material  and  Methods 

BBD  Sample  Collection 

Sampling  was  conducted  using  standard  SCUBA 
techniques  on  the  coral  reefs  of  Curasao,  Netherlands 
Antilles.  Colonies  of  Diploria  strigosa  exhibiting  the 
distinct  BBD  ring  were  sampled  at  water  depths  of 
approximately  3m  near  the  Curasao  Water  Plant. 
Portions  of  active  BBD  mats  were  physically  peeled 
off  the  infected  coral  surfaces  using  forceps  and  placed 
in  15ml  Falcon  tubes  filled  with  RNAIater  (Ambion, 
Austin,  TX)  and  samples  were  then  immediately  frozen 
at  -20°C. 


BBD  Sample  Fractionation 

Bead  beating  was  used  to  extract  the  soluble 
fraction  from  the  cells.  Sample  was  added  to  a  2  ml 
screw-capped  microcentrifuge  tube  with  O-ring  and 
spun  down  for  5  minutes  at  16,000  x  g.  Before  bead 
beating,  RNAIater  (Ambion,  Austin,  TX)  was  decanted 
and  samples  were  washed  twice  in  1ml  of  filtered 
seawater.  The  pellet  was  resuspended  in  400pl  of 
sterile  ultra  pure  water  and  approximately  200pl  of  0. 1 
mm  zirconia/silica  beads  (BioSpec  Products, 
Bartlesville,  OK).  The  tubes  were  shaken  on  a 
reciprocating  Mini-BeadBeater-8  (BioSpec  Products, 
Bartlesville,  OK)  for  1  minute  at  the  homogenize  speed 
setting. 

After  bead  beating  samples  were  centrifuged  for  5 
minutes  at  16,000  x  g,  both  the  pellet  and  supernatant 
were  saved.  To  check  heat  stability  of  the  possible 
toxic  compound  active  supernatant  was  boiled  for  10 
minutes.  A  pellet  obtained  from  a  parallel  sample  of  a 
10  mL  E.  coli  culture,  also  preserve  in  RNAIater 
(Ambion,  Austin,  TX),  was  treated  using  the  same 
experimental  procedure  and  the  whole  extract  was  used 
as  a  negative  control. 

Fractions  of  different  molecular  sizes  were 
obtained  by  ultrafiltration.  Centricon  YM-10 
(Millipore,  Bedbofd,  MA,  USA)  centrifugal  Filter 
devices  were  used  to  obtain  fractions  of  different 
molecular  weight:  <10,000  Da  and  >10,000  Da.  filters 
were  blocked  overnight  at  4°C  with  a  solution  of 
lmg/mL  BSA  in  PBS.  Supernatants  were  then 
fractionated  following  manufacturers  instructions. 

Symbiodinium  Cultures 

A  collection  strain  of  Symbiodinium 
microadriaticum  was  used  in  all  experiments: 
Symbiodinium  microadriaticum  NEPCC  411 
(Canadian  Center  for  the  Culture  of  Microorganisms 
(CCCM)).  Total  DNA  was  extracted  using  CTAB 
(hexadecyltrimethyl  ammonium  bromide)  according  to 
Coffroth  et  al.  (Coffroth  et  al.  1992)  .18S  rRNA  was 
amplified  by  PCR  using  primers  ss5  (5’- 
GGTTGATCCTGCCAGTAGTCATATGCTTG-3') 
and  s  s  3  z  (  5  ’  - 

AGCACTGCGTCAGTCCGAATAATTCACCGC-3') 
according  to  Rowan  and  Powers  (Rowan,  Powers 
1991)  Symbiodinium  was  cultured  in  30ml  of  f/2  media 
(Guillard  and  Ryther  1962)  in  150  ml  flasks  topped 
with  foam  stoppers  and  incubated  at  25.5°C  in  12  h 
light/dark  cycles. 

f/2  medium  was  sterilized  by  filtration  through 
0.22pm  filter  (Guillard  and  Ryther  1962)  and  store  at 
4°C  in  the  dark.  An  antibiotic  solution  according  to 
Polne-Fuller  (Polne-Fuller  1991)  was  added  to  avoid 
contaminations.  The  solution  should  be  prepared  in 
100  mL  0.22  pm  filtered  seawater  and  diluted  1:10  for 


Cell  Viability  Assays 

3mL  of  f/2  medium  was  inoculated  with 
Symbiodinium  to  a  final  OD6oo  of  0.1  in  15mL 
Erlenmeyer  flasks  and  incubated  at  25.5°C  in  12  h 
light/dark  cycles.  The  CellTiter  96®  AQueous  One 
Solution  Cell  Proliferation  Assay  (Promega,  Madison 
Wi)  is  a  colorimetric  method  for  determining  the 
number  of  viable  cells  in  proliferation  or  cytotoxicity 
assays.  Cell  viability  was  tested  using  the  CellTiter  96 
Aqueous  One  Solution  Cell  Proliferation  Assay 
(Promega,  Madison,  WI)  following  manufacturers 
instructions.  Briefly,  20pl  of  CellTiter  96®  AQueous 
One  Solution  Reagent  were  pipetted  into  each  well  of 
the  96-well  assay  plate  containing  lOOpl  of  each 
samples.  Plates  were  incubated  for  2  hours  at  25.C°C 
under  light.  Cell  proliferation  and  viability  is  measured 
by  the  formation  of  a  colored  formazan  product 
recording  absorbance  at  490nm. 

Growth  Inhibition  Assays  on  Symbiodinium 

For  these  assays  Symbiodinium  were  cultured  in  6 
well  tissue  culture  plates  (Becton  Dickinson,  Franklin 
Lakes,  NJ)  containing  2.5mL  of  f/2  medium  each  well. 
All  wells  were  inoculated  with  lOOpl  of  a  cell 
suspension  of  Symbiodinium  at  OD60o  0.3.  The  volume 
of  the  different  fractions  added  to  the  wells  varied 
depending  of  their  protein  content.  The  protein 
concentration  was  measured  using  the  DC  Protein 
Assay  (BIORAD,  Hercules,  CA)  according  to 
manufactures  instructions.  The  same  amount  of  protein 
was  added  to  the  different  wells,  approximately  0.1  mg 
of  total  protein. 

Growth  was  checked  daily  by  visual  assessment  of 
the  increase  in  color  due  to  the  multiplication  and 
attachment  to  the  surface  of  the  plate  of  Symbiodinium 
cells. 

RESULTS 

Cell  Viability  Assays 

The  18S  rRNA  sequence  from  the  culture  showed 
that  the  Symbiodinium  strain  used  for  the  experiments 
was  actually  not  a  Symbiodinium  microadriaticum  but 
a  member  of  Symbiodinium  clade  B.  This  is  also  a 
clade  frequently  identified  living  in  symbiosis  in 
scleractinian  corals.  The  supernatants  and  whole 
extracts  inhibited  completely  the  respiration  and 
viability  of  the  Symbiodinium  cultures  after  4  days  of 
incubation  (Fig.  1). 

However,  the  E.  coli  extract  did  not  have  any 
effect  on  the  Symbiodinium  growth.  Molecules 
associated  with  the  membranes  present  in  the  pellet 
(LPS  and  proteins)  did  not  have  a  toxic  effect  on 
Symbiodinium .  After  an  initial  inhibition,  cells  started 
to  grow  again  and  reached  the  same  levels  of  activity 
as  the  negative  controls. 
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Fig.l-  Assessment  of  the  effect  of  different  fractions  on 
cell  viability.  OD490  shows  indicates  respiration  that 
correlates  with  the  number  of  cells.  See  text  for  details. 


Growth  Inhibition  of  Symbiodinium  sp. 

Due  to  the  low  number  of  cells  of  Symbiodinium 
added  as  inoculum,  visible  growth  was  not  observed 
until  at  least  4  days  of  incubation.  Figure  2  shows  a 
representative  example  of  growth  and  inhibition 
observed  on  the  plates. 


Fig. 2-  Example  of  growth  inhibition  by  BBD 
supernatant  (A)  compared  to  a  negative  control  (B). 


Table  1  shows  the  results  for  the  effect  of  the 
different  fractions  on  Symbiodinium  growth.  Both 
whole  extract  and  supernatant  had  inhibitory  activity  of 
Symbiodinium  growth.  When  viability  was  checked, 
neither  E.  coli  extract  nor  pellet  from  BBD  exhibited 
cytotoxic  effects  on  the  Symbiodinium  cultures 
assessed. 

The  fraction  containing  compounds  of  molecular 
weight  smaller  than  10,000  Da  still  maintained  toxic 
activity.  Finally,  treatment  at  100°C  for  10  minutes  did 
not  have  any  effect  on  the  toxicity  of  the  extract. 


Table  1.  Effect  of  the  different  fractions  on  the  growth 
of  Symbiodinium  sp.  (+)  represents  growth,  (-) 
indicates  inhibition  of  Symbiodinium  growth. 
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Discussion 

Although  we  have  a  fairly  good  knowledge  about 
the  composition  of  the  bacterial  communities  causing 
BBD  (Frias-Lopez,  et  al.  2002),  its  mechanism  of 
pathogenesis  is  still  poorly  understood.  Thus  the  role  of 
the  most  abundant  organisms  in  BBD  during  infection, 
the  cyanobacterium  Phormidium  corallyticum ,  remains 
a  mystery. 

Among  the  microorganisms  present  in  BBD, 
Beggiatoa  spp.  and  Desulfovibrio  spp.  had  previously 
been  identified  as  potentially  important  bacteria  in  the 
development  of  the  disease.  The  only  mechanism  of 
pathogenesis  proposed  to  date  involved  the  reduction 
of  sulfate  to  sulfide  by  bacteria.  Beggiatoa  spp.  and 
Desulfovibrio  spp.  would  be  the  organisms  responsible 
for  the  pathogenesis  of  BBD  (Richardson  1996; 
Richardson  et  al.  1997).  Sulfide  would  be  the  toxic 
compound  responsible  for  coral  tissue  destruction.  A 
similar  process  that  involves  members  of  these  two 
groups  has  been  described  in  marine  sediments  under 
anaerobic  conditions.  However,  Beggiatoa  has  only 
been  identified  using  optical  microscopy.  Molecular 
techniques  have  failed  to  detect  the  presence  of 
Beggiatoa  in  BBD  bacterial  mats  (Cooney  et  al.  2002; 
Frias-Lopez  et  al.  2002). 

In  the  present  study  we  wanted  to  assess  the 
possibility  of  the  production  of  a  toxic  compound  that 
could  be  involved  in  coral  tissue  destruction. 
Symbiodinium  sp.,  the  symbiotic  dinoflagellate  living 
inside  the  coral,  has  proven  a  good  and  easy  to  use 
model  to  test  toxicity  of  BBD. 

Cyanobacteria  such  as  Microcystis ,  Anabaena , 
Nostoc  and  Oscillatoria  are  well  known  for  their 
ability  to  produce  toxins  (Carmichael  1994;  Codd  et  al. 
2001).  While  most  of  these  toxins  have  a  low 
molecular  weight,  they  differ  in  their  structure,  modes 
of  action,  and  toxicities.  The  best-studied 
cyanobacterial  toxins  are  the  microcystins  and 
nodularins,  both  small  cyclic  peptides.  While 
microcystins  are  primarily  produced  by  freshwater 
cyanobacterial  genera,  nodularins  have  been  detected 


from  members  of  the  genus  Nodularia,  a  marine 
cyanobacterium  (Carmichael  1992;  Gulledgea  et  al. 
2002).  Since  the  most  abundant  organism  found  in 
BBD  is  a  filamentous  cyanobacterium,  it  is  reasonable 
to  think  that  a  toxic  compound  may  be  involved  in 
BBD  virulence. 

Our  results  have  shown  that  there  is  a  compound, 
which  has  a  molecular  weight  lower  than  10,000  Da, 
which  inhibits  the  growth  of  Symbiodinium  and  stops 
viability.  Moreover,  like  other  cyanotoxins,  this 
compound  has  been  shown  to  be  heat-stable,  (Sivonen 
and  Jones  1 999). 

Although  we  have  no  direct  evidence  which 
microorganism  is  responsible  for  the  production  of  the 
toxic  compound,  due  to  its  overwhelming  presence 
during  infection  Phormidium  corallyticum  is  the  most 
likely  candidate. 

In  summary,  we  have  shown  that  during  BBD 
infection  there  is  production  of  a  toxic  compound  that 
could  play  an  important  role  in  coral  tissue  destruction 
during  infection.  Future  studies  are  needed  to  purify 
and  characterize  this  compound.  Additionally,  it  should 
be  determined  which  bacteria  among  those  present  in 
BBD  are  responsible  for  the  production  of  this  toxin. 
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Abstract  The  occurrence  of  coral  diseases  associated 
with  bacterial  infection  increases  dramatically  with 
increasing  sea  surface  temperatures.  However,  the 
mechanism  by  which  elevated  seawater  temperature 
actually  induces  or  causes  coral  disease  is  poorly 
understood.  One  possibility  is  that  increasing  seawater 
temperature  causes  a  change  in  the  community  structure 
of  bacteria  inhabiting  healthy  coral  tissues,  To  assess  the 
effect  of  increasing  seawater  temperature  on  the  bacterial 
communities  inhabiting  the  brain  coral  D.  strigosa , 
colonies  were  collected  directly  from  the  reef  were 
compared  to  colonies  maintained  in  both  heated  and 
control  flow-through  aquaria.  Heated  aquaria  were 
maintained  at  30.5°  C  (2.5°  C  above  ambient)  and  coral 
colonies  were  left  in  the  aquaria  for  up  to  two  weeks 
prior  to  sampling.  Bacterial  assemblages  were  compared 
statistically  through  the  use  of  Terminal-Restriction 
Fragment  Length  Polymorphisms  (T-RFLP)  of  16S 
rRNA  genes.  The  bacterial  communities  inhabiting  coral 
colonies  maintained  in  the  unheated  flow-through 
aquaria  were  statistically  different  from  colonies  sampled 
directly  from  the  reef.  However,  colonies  maintained  in 
the  heated  aquaria  were  statistically  similar  to  those 
sampled  from  the  unheated  aquaria. 

Keywords  Bacteria,  Coral  disease,  T-RFLP, 
Temperature 


Introduction 

Recent  reports  have  highlighted  the  impact  of  coral 
diseases  on  reefs  worldwide  (Green  and  Bruckner  2000), 
and  suggest  that  both  the  intensity  and  number  of 
different  diseases  may  be  on  the  rise  (Richardson  1998; 
Harvell  et  a).  1999).  The  correlation  of  disease 
occurrence  to  numerous  environmental  factors,  including 
temperature  (Gil-Agudelo  and  Garzon-Ferreira 
2001;Kuta  and  Richardson  2002;  Richardson  et  al.  1998; 
Rosenberg  and  Ben-Haim  2002),  depth  (Kuta  and 
Richardson  2002),  sedimentation  (Bruckner  et  al.  1997; 
Taylor  1983)  nutrients  (Antonius  1988;  Kim  and  Harvell 
2000;  Taylor  1983)  and  pollution,  (Antonius  1988; 
Bruckner  et  al.  1997)  hints  at  the  complex  interactions 
between  disease  and  the  environment.  Of  these  factors, 
one  of  the  most  striking  correlations  to  disease 


occurrence  is  temperature  (Kuta  and  Richardson  2002. 
Rosenberg  and  Ben-Haim  2002).  In  the  case  of 
bleaching  by  Vibrio  shiloi  increased  temperature  triggers 
the  expression  of  virulence  factors  (Rosenberg  and  Ben- 
Haim  2002).  At  high  seawater  temperatures,  V.  shiloi 
produces  an  adhesin  that  allows  it  to  adhere  to  and  then 
penetrate  coral  surfaces.  Once  inside  the  coral  tissue  V. 
shiloi  toxins  inhibit  and  lyse  symbiotic  zooxanthellae.  In 
other  coral  diseases  such  as  plague,  dark  spot  disease  and 
black  band  disease,  the  correlation  to  temperature  is  less 
absolute,  and  the  mechanism  by  which  elevated 
temperatures  affect  disease  incidence  is  poorly 
understood.  In  these  cases,  the  relationship  between 
temperature  and  disease  may  not  be  entirely  tied  to  the 
pathogen(s),  but  instead  may  involve  the  temperature 
response  of  a  whole  microbial  community.  One  of  the 
best  defense  mechanisms  to  the  growth  of  pathogenic 
microbes  is  the  maintenance  of  a  healthy  microbial 
community.  These  microorganisms  can  inhibit 
pathogens  through  interspecific  competition  and 
secretion  of  antibiotic  substances  (Klaus  et  al.  2005\ 
Rohwer  et  al.  2002,  Pantos  et  al.  2003) 

It  is  well  established  that  coral  tissues  harbor  diverse 
bacterial  communities,  primarily  associated  with  the 
coral  surface  microlayer  or  coelenteron  (Bythell  et  al. 
2002;  Frias-Lopez  et  al.  2002;  Gast  et  al.  1998;  Rohwer 
et  al.  2001).  However,  the  affect  of  seawater  temperature 
on  these  communities  remains  poorly  understood.  To 
further  understand  the  ecological  process  link  between 
coral  disease  and  temperature,  additional  information  is 
needed  on  how  the  healthy  bacterial  community 
associated  with  coral  tissue  responds  to  varying 
temperature  conditions. 

The  goal  of  the  present  study  was  to  assess  the  effect 
of  temperature  on  the  bacterial  communities  of  healthy 
colonies  of  Diploria  strigosa.  The  bacterial  community 
associated  with  naturally  occurring  colonies  as  well  as 
those  maintained  in  heated  and  unheated  experimental 
aquaria  were  characterized  through  the  use  of  terminal 
restriction  fragment  length  polymorphisms  (T-RFLP)  of 
16S  rRNA  genes.  The  variation  in  bacterial  communities 
was  analyzed  quantitatively  using  a  combination  of 
statistical  procedures,  including  multidimensional  scaling 
(MDS),  one-way  analysis  of  similarity  (ANOS1M),  and 
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similarity  percentages  (SIMPER)  (Clarke  and  Warwick 

2001). 

IMaterials  and  Methods 

Sample  Collection  and  Experimental  Setup 

Twenty  healthy  colonies  of  D.  strigosa  were  collected 
from  shallow  fringing  reefs  (~5  m  water  depth) 
approximately  75  m  offshore  of  the  island  of  Curasao 
Netherlands  Antilles.  Upon  returning  to  shore,  four 
colonies  were  rinsed  with  filtered  seawater  and 
immediately  sampled  for  molecular  microbial  analysis. 
Samples  were  collected  from  the  surface  by  removing  a  2 
cm  by  2  cm  portion  of  the  uppermost  1  cm  of  the  coral 
colony  with  a  chisel  and  placing  the  sample  in  a  sterile 
disposable  50  ml  polypropylene  centrifuge  tube.  The 
sample  was  immersed  in  80%  ethanol,  crushed  and 
homogenized,  creating  a  slurry  of  coral  tissue, 
zooxanthellae,  mucus,  microorganisms,  and  skeletal 
material.  The  remaining  16  colonies  were  put  into  heated 
and  control  aquaria  housed  at  the  Curasao  Sea  Aquarium. 
The  Curasao  Sea  Aquarium  maintains  a  large  flow¬ 
through  tank  system  in  which  seawater  is  pumped 
through  from  the  adjacent  reef  (approximately  5  m  water 
depth).  The  reef  water  was  pumped  directly  from  a  small 
sedimentation  reservoir  to  one  of  two  experimental 
aquaria.  One  aquaria  was  maintained  at  ambient 
temperature  (control  =  28°  C)  while  the  other  was  heated 
2.5°  C  above  ambient  temperature  (heated  =  30.5°  C). 
Eight  colonies  were  put  in  each  tank  and  sampled  as 
above;  half  after  six  days  and  half  after  fourteen  days. 
Previous  studies  have  shown  very  little  overlap  between 
the  bacterial  species  detected  from  reef-water  and  coral 
tissues  (Frias-Lopez  et  al.  2002;  Rohwer  et  al.  2001). 
Based  on  these  studies  we  chose  to  focus  solely  on  the 
bacterial  communities  ofD.  strigosa. 

T-RFLP  Analysis 

Total  DNA  was  prepared  from  coral  samples  using 
the  UltraClean  Soil  DNA  Kit  (Mo  Bio  Laboratories, 
Carlsbad,  CA).  This  kit  has  proven  to  be  one  of  the  most 
efficient  and  consistent  methods  for  obtaining  DNA  from 
coral  tissues  (Rohwer  et  al.  2001;  Klaus  unpublished 
data).  Optimization  of  PCR  was  performed  for  each 
sample  by  adjusting  the  amount  of  genomic  DNA  extract 
used  to  obtain  a  strong  band  on  an  agarose  gel,  without 
visible  nonspecific  product  (Blackwood  et  al.  2003).  The 
genes  encoding  for  16S  rDNA  were  amplified  with  a 
Mastercycler  gradient  thermocycler  (Eppendorf)  by  PCR 
using  specific  16S  rRNA  primers  for  bacteria.  Primers 
used  in  the  PCR  amplifications  were  Univ  9F  (5’- 
GAGTTTGATYMTGGCTC)  and  Univ  1509R  (5’- 
G  YT  ACCTT  GTT  ACGACTT)  (Integrated  DNA 
Technologies,  Coralville,  IA).  Univ  9F  was  labeled  at  the 
5’  end  with  phosphoramidite  fluorochrome  6- 
carhoxyfluorescein  (6-FAM).  PCR  was  performed  using 
a  reaction  mixture  of  0.2  mM  of  each  deoxynucleoside 
triphosphate  (Gibco/BRL,  Rockville,  Md),  200  ng  each 
of  the  forward  and  reverse  primers,  0.5  to  10  _1  of  the 
sample  preparation,  IX  Taq  Master,  IX  Taq  Buffer 


(50mM  KCI,  lOmM  Tris-HCl  pH  8.3,  1.5  mM 
Mg(OAc)2)  and  water  to  bring  the  total  volume  to  50  _1. 

To  obtain  an  adequate  mass  of  DNA  for  T-RFLP 
analysis,  the  previously  described  PCR  reactions  were 
performed  in  quadruplet.  Pooled  replicates  were  purified 
using  the  Wizard  PCR  prep  kit  (Promega,  Madison,  WI). 
DNA  was  eluted  with  30  _1  of  sterile  water  heated  to  65° 
C.  Restriction  digests  were  performed  independently 
using  three  tetrameric  enzymes  (Hha  1,  Msp  I,  and  Rsa  1). 
Eight  microliters  of  purified  PCR  product  was  added  to  9 
_1  of  sterile  water  and  3  _]  of  restriction  enzyme  master 
mix  containing  10  U  of  restriction  enzyme  and  IX 
reaction  buffer.  Incubation  was  done  at  37°  C  for  6  h 
followed  by  15  min  at  65°  C  to  denature  the  restriction 
enzyme. 

Prior  to  loading  on  a  gel,  1  \i\  of  sample  was  added  to 
a  "loading  cocktail"  (l.25pl  deionized  formamide  0.25pl 
blue  loading  dye  and  0.3pl  size  standard,  TAMRA 
2500),  vortexed,  spun  down,  and  denatured  at  95°  C  for 
three  minutes.  Samples  were  then  run  on  a  5%  Long 
Ranger  acrylamide  (BioWhittaker)  and  7M  urea  gel  for 
approximately  5  hours.  T-RFLP  profiles  were  obtained 
using  an  Applied  Biosystems,  Inc.  (ABI)  377-XL 
sequencer.  The  data  was  analyzed  using  the  ABI 
GeneScan  software. 

Previous  studies  (Klaus  et  al.  2005)  have  shown  that 
T-RFLP  profiles  obtained  from  replicate  samples  have 
minimal  variation  due  to  potential  differences  in  DNA 
extraction,  PCR  amplification,  or  enzyme  digestion 
efficiency.  These  results  indicate  that  the  T-RFLP 
methodology  applied  in  this  study  is  robust,  and 
comparisons  of  profiles  between  different  samples 
should  reflect  the  relative  similarity  of  the  microbial 
communities  present  in  each  sample. 

Statistical  Analyses 

Sample  versus  T-RFLP  peak  data  matrices  were 
constructed  using  all  peaks  above  a  threshold  of  50  units 
above  background.  To  avoid  detection  of  primers  peaks 
smaller  than  50  base  pairs  (bp)  were  culled  from  the  data 
set.  To  account  for  variation  in  fragment  size 
determination  between  samples,  peaks  were  manually 
aligned  and  placed  into  groups.  Abundance  data  was 
obtained  from  the  relative  peak  height  following  sample 
standardization  (Blackwood  et  al.  2003).  The  similarity 
of  T-RFLP  peak  profiles  among  all  possible  pairs  of 
samples  was  calculated  using  the  Bray-Curtis  (BC) 
similarity  coefficient  (Bray  and  Curtis  1957). 

Ordination  by  non-metric  multidimensional  scaling 
(MDS)  (Kruskal  1964)  was  performed  to  examine 
differences  in  T-RFLP  peak  patterns  among  samples. 
Each  ordination  was  run  with  30  random  starting 
configurations  and  proceeded  through  multiple  iterations 
until  the  fit  of  a  non-parametric  regression  of  d  (distances 
between  samples  on  the  MDS)  against  _  (similarities  in 
the  Bray-Curtis  matrix)  could  not  be  improved.  To  test 
the  significance  of  T-RFLP  peak  differences  due  to 
ecologically  distinct  sample  groups,  the  Bray-Curtis 
similarity  matrix  was  subjected  to  the  analysis  of 
similarities  procedure  (ANOSIM)  (Clarke  and  Warwick 
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2001).  This  analysis  is  based  on  a  non-parametric 
permutation  procedure  applied  to  the  rank  similarity 
matrix.  If  samples  within  a  group  are  identical;  Global  R 
=  1.  Similarity  percentages  (SIMPER)  (Clarke  and 
Warwick  2001)  were  used  to  determine  peak 
contributions  to  the  average  dissimilarity  of  samples 
between  different  sample  groups. 

Results 

A  combined  total  of  241  different  T-RF’s  were 
identified  from  the  sixty  different  T-RFLP  profiles 
analyzed  from  healthy  D.  strigosa  (20  Hha  I,  20  Msp  1, 
and  20  Rsa  I).  The  rank  abundance  profile  (Fig.  1)  for  all 
241  unique  T-RF's  shows  that  only  one  peak  was 
identified  from  all  20  samples.  An  additional  9  different 
T-RF’s  were  found  in  at  least  50  %  of  the  samples 
analyzed.  By  comparing  T-RFLP  profiles  with 
theoretical  digest  patterns  generated  from  previously 
constructed  coral  tissue  clone  libraries,  (Frias-Lopez  et 
al.  2002)  several  of  the  dominant  T-RF  peaks  can  be 
tentatively  identified.  Based  on  these  assessments  T- 
RF’s  Mspl-125,  and  RsaI-643  appear  to  be  related  to 
Chromatium  sp.  RW  (AF384210)  of  the  -proteobacteria 
subdivision.  Additionally,  T-RF's  H ha  1  -2 1 0  and  MspI- 
496  appear  related  to  the  uncultured  _-proteobacterium 
clone  26  (AF369718),  and  T-RF’s  HhaI-82  and  MspI- 
453  to  a  magnetite-containing  magnetic  Vibrio  sp. 
(Lo6455)  of  the  _-proteobacteria  subdivision. 
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Fig.  1.  Rank-abundance  curve  of  T-RFLP  peaks  detected 
in  all  20  samples  of  D.  strigosa  (n=  241). 

Multivariate  Analysis 

To  test  the  effect  of  the  experimental  aquaria  on  the 
composition  of  the  most  abundant  bacterial  species, 
colonies  of  D.  strigosa  sampled  directly  from  the  reef 
were  compared  to  colonies  sampled  from  control  aquaria 
after  6  days  and  14  days.  The  bacterial  communities  of 
reef  samples  were  found  to  be  distinct  from  all  control 
samples  analyzed.  The  ANOSIM  statistical  test  for 
differences  in  T-RF  composition  show  reef  samples  to  be 
significantly  different  from  control  samples  after  6  days 
(R  =  0.729,  P  <  0.029)  and  14  days  (R  =  0.938,  P  < 
0.029).  Furthermore,  the  control  samples  collected  after 
6  days  were  significantly  different  from  those  collected 
after  14  days  (R  =  0.729,  P  <  0.029).  These  results  are 
further  supported  by  the  MDS  ordination  of  samples 


(Fig.  2)  in  which  the  reef  samples  and  two  sets  of  control 
samples  all  form  distinct  clusters.  Results  from  SIMPER 
analysis  reveal  the  major  peaks  responsible  for  the 
differences  among  sample  groups  (Table  1). 


•  Reef  Samples  A  Control  6  Days  ■  Control  14  Days 

▼  Heated  6  Days  ♦  Heated  14  Days 


Fig.  2.  Nonmetric  multidimensional  scaling  (MDS) 
ordination  of  bacterial  assemblages  inhabiting  the  tissues 
of  D.  strigosa  (n=20). 

To  assess  the  effects  of  temperature  on  bacterial 
communities  associated  with  coral  tissues,  T-RFLP 
profiles  from  control  and  heat-treated  colonies  were 
compared.  No  statistically  significant  differences  in  T- 
RF  composition  with  respect  to  heat  treatment  were 
detected.  The  ANOSIM  statistical  test  for  differences  in 
T-RF  composition  did  not  detect  any  differences  between 
control  and  heated  samples  after  6  days  (R  =  0.135,  P  < 
0.171)  or  14  days  (R  =  0.198,  P  <  0.171).  While  MDS 
ordination  does  suggest  some  clustering  of  heated  and 
control  samples,  this  is  not  outside  the  range  of  variation 
within  sample  groups  (Fig.  2). 

K-dominance  Curves 

While  the  T-RFLP  method  is  capable  of  assessing 
phylotype  richness  in  simple  artificial  communities  with 
few  members  (Avaniss-Aghajani  et  al.  1994;  Liu  et  al. 
1997;  Moeseneder  et  al.  1999)  it  has  not  proved 
successful  at  assessing  complex  natural  communities 
(Dunbar  et  al.  2000;  Moeseneder  et  al.  1999).  Despite 
this  shortcoming  in  assessing  richness,  examination  of 
the  cumulative  dominance  distribution  generated  from  T- 
RFLP  profiles  can  provide  insight  into  the  diversity  and 
relative  dominance  of  assemblages. 

The  average  k-dominance  curves  (Lambshead  et  al. 
1983)  for  the  five  sample  groups  analyzed  exhibited 
distinct  separation.  A  higher  dominance  of  abundant  T- 
RF’s  was  observed  in  heat-treated  colonies  compared  to 
both  control  and  reef  colonies  (Fig.  3).  The  curve  for  the 
pooled  reef  samples  had  the  most  moderate  slope  of  the 
sample  groups,  suggesting  greater  bacterial  diversity. 
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Table  1 .  T-RF^s  distinguishing  healthy  bacterial  communities  of  D.  strigosa. 


Reef 

Avg.  Avg. 

abu.a  sim.b 

Control  6  days 

Avg.  abu.  Avg.  sim. 

Heated  6  days 

Avg.  abu.  Avg.  sim. 

Control  14  days 

Avg.  abu.  Avg.  sim. 

Heated  14  days 

Avg.  abu.  Avg.  sim. 

Rsa\-643 

0.84 

0.55 

14.60 

3.94 

15.81 

9.23 

0 

0 

0 

0 

Ms/?  I -503 

9.85 

3.23 

1.40 

0 

0.97 

0 

4.03 

3.01 

5.66 

4.28 

foal-985 

3.69 

2.33 

0 

0 

0 

0 

0 

0 

0 

0 

ftstfI-1002 

0 

0 

8.14 

1.32 

0 

0 

0 

0 

0 

0 

Hha  1-164 

4.38 

2.23 

0.29 

0 

0 

0 

3.24 

2.55 

5.13 

3.93 

Hhal-S9 

2.95 

2.01 

0 

0 

1.39 

0 

0 

0 

0 

0 

Msp\-\4S 

2.56 

2.02 

0 

0 

0 

0 

0.12 

0 

0.07 

0 

Rsal-SO 

3.49 

1.65 

0 

0 

0 

0 

0 

0 

0 

0 

Hha\-9\3 

0 

0 

5.33 

0.58 

0.53 

0 

0 

0 

0 

0 

Msp  I -441 

3.72 

1.01 

0.69 

0 

1.20 

0.49 

3.02 

1.48 

0.93 

0 

Hha\-  893 

1.10 

0 

0.34 

0 

0 

0 

13.79 

5.92 

15.25 

7.51 

Rsa\-916 

0.05 

0 

0 

0 

0 

0 

9.88 

5.46 

5.82 

3.95 

a  Average  %  abundance  per  locality. 

b  T-RF  contribution  to  the  mean  Bray-Curtis  %  similarity  at  each  locality. 


due  to  the  temperature  treatment.  This  negative  response 
suggests  that,  at  least  on  short  time  scales,  bacterial 
communities  are  stable  in  composition  despite  the 
physiologic  responses  known  to  occur  in  corals  subjected 
to  similar  temperature  treatments  (Brown  1997). 
However,  the  current  data  set  is  characterized  by  a  large 
shift  in  the  bacterial  communities  found  in  control 
samples  from  those  collected  directly  from  the  reef,  (t  is 
possible  that  the  factors  responsible  for  the  shift  in 
control  samples  might  also  be  obscuring  the  real  signal  of 
community  change  due  to  temperature. 

There  are  several  factors  that  could  have  affected  the 
colonies  maintained  in  the  aquaria.  While  the  reef 
samples  were  collected  from  approximately  5  m  depth 
and  exposed  to  normal  diurnal  light  cycles,  the  control 
samples  were  maintained  in  shallow  aquaria  shaded  in 
both  the  early  morning  and  the  late  afternoon.  The  more 
intense  yet  shortened  light  cycles  may  have  had  an 
impact  on  the  structure  of  bacterial  communities.  It  is 
also  possible  that  the  water  quality  inside  the  aquaria  was 
different  from  that  found  on  the  natural  reef.  Before 
being  pumped  into  the  aquaria,  the  seawater  was 
channeled  into  sedimentation  tanks  and  further  passed 
through  sedimentation  filters.  However,  the  elimination 
of  suspended  particulate  matter  (SPM)  may  have  had  an 
impact  on  the  coral  associated  bacterial  communities. 
Recent  studies  have  shown  that  SPM  can  strongly  alter 
the  trophic  environment  of  symbiotic  corals  (Anthony 
2000;  Anthony  and  Fabricius  2000).  The  colonies  of  D. 
strigosa  used  in  this  study  were  collected  from  shallow, 
high  sediment,  nearshore  enviomments,  and  possibly 
acclimated  to  sustain  a  positive  energy  balance  through 
heterotrophic  suspension  feeding.  Therefore,  removal  of 
SPM  from  the  flow-though  aquaria  may  have  forced  a 
shift  towards  a  more  phototrophic  energy  balance.  Lastly, 
to  maintain  the  temperature  of  the  heated  aquaria,  the 
flow  rate  had  to  be  kept  fairly  low.  It  is  therefore 
possible  that  the  long  residence  time  of  seawater  within 
the  aquaria  would  result  in  a  shift  in  available  nutrient 


Fig.  3.  Average  k-dominance  curves  (x-axis  logged)  of 
T-RF  peaks  obtained  from  reef  samples  (n=4),  control 
aquaria  samples  after  6  days  (n=4)  and  14  days  (n=4), 
and  heated  aquaria  samples  after  6  days  (n=4)  and  14 
days  (n=4). 

Discussion 

In  a  recent  review,  Knowlton  and  Rohwer  (2003) 
describe  the  coral  host  as  a  habitat.  The  physical  and 
chemical  conditions  of  this  habitat  are  in  part  controlled 
by  the  coral  itself  and  in  part  by  the  surrounding  marine 
environment.  In  addition,  microorganisms  manipulate 
the  physical  and  chemical  conditions  via  their  metabolic 
activities  and  physical  presence.  Thus  habitat  stability  is 
maintained  through  a  complex  set  of  interactions.  Within 
this  habitat,  the  response  of  the  coral-zooxanthellae 
symbiosis  to  thermal  stress  has  been  actively  studied  for 
decades  (Brown  1997;  Fitt  et  al.  2001;  Baker  et  al.  2004; 
Rowan  2004).  Here  we  provide  a  first  attempt  to 
understand  the  affect  of  thermal  stress  on  bacterial 
communities. 

Results  of  the  ANOSIM  statistical  tests  indicate  that 
there  was  no  significant  change  in  bacterial  communities 
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concentrations.  These  factors  were  not  adequately 
controlled  for  in  the  experimental  setup,  and  the  extent  of 
their  control  on  bacterial  communities  remains  largely 
unknown.  Future  experiments  should  directly  target 
these  potentially  important  factors. 

While  the  multivariate  statistical  techniques  applied 
in  the  present  study  did  not  detect  significant  differences 
between  the  control  and  heated  aquaria  samples,  a  greater 
dominance  of  abundant  T-RF’s  was  observed  in  the  heat- 
treated  colonies  compared  to  the  control  colonies. 
Furthermore,  a  greater  dominance  of  abundant  T-RF's 
was  observed  in  the  control  aquaria  colonies  than  on  the 
reef  colonies.  An  increased  dominance  of  specific 
bacterial  strains  is  a  common  response  observed  in 
disturbed  environments  (Haack  et  al.  2004;  Salyers  and 
Whitt  1994;  Torsvik  et  al.  2002).  Recent  surveys  of 
bacterial  communities  inhabiting  D.  strigosa  showed  an 
increased  dominance  of  the  most  prevalent  T-RF's  at 
impacted  localities  versus  control  localities,  as  did 
communities  associated  with  diseased  corals  versus 
healthy  corals  (Klaus  et  al.  2005). 

Given  the  problems  with  the  experimental  setup,  and 
the  somewhat  conflicting  results  found  between  the 
multivariate  analyses  and  the  dominance  analyses, 
further  studies  are  needed  to  confirm  the  community- 
level  response  of  bacteria  associated  with  coral  tissues. 
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1  Summary 

2  The  high  incidence  of  coral  disease  in  shallow  coastal  marine  environments 

3  suggests  seawater  depth  and  coastal  pollution  have  an  impact  on  the  microbial 

4  communities  inhabiting  healthy  coral  tissues.  A  study  was  undertaken  to  determine  how 

5  bacterial  communities  inhabiting  tissues  of  the  coral  Montastraea  annularis  change  at  5 

6  m,  1 0  m  and  20  m  water  depth  in  varying  proximity  to  the  urban  center  and  seaport  of 

7  Willemstad,  Curafao,  Netherlands  Antilles.  Analyses  of  terminal  restriction  fragment 

8  length  polymorphisms  (TRJFLP)  of  16S  rRJSA  gene  sequences  show  significant 

9  differences  in  bacterial  communities  of  polluted  and  control  localities  only  at  the 

10  shallowest  seawater  depth.  Furthermore,  distinct  differences  in  bacterial  communities 

1 1  were  found  with  increasing  water  depth.  Comparisons  of  TRFLP  peaks  with  sequenced 

1 2  clone  libraries  indicate  the  black  band  disease  cyanobacterium  clone  CD  1 C 1  1  is  common 

13  and  most  abundant  on  healthy  corals  in  less  than  10  m  water  depth.  Similarly,  sequences 

14  belonging  to  a  putative  new  division  of  phototrophic  bacteria,  herein  named  CAB-I,  were 

1 5  also  more  common  in  shallow  water. 

16  To  assess  the  influence  of  environmental  and  physiologic  factors  on  bacterial 

17  community  structure,  canonical  correspondence  analysis  was  performed  using 

18  explanatory  variables  associated  with:  (1)  light  availability;  (2)  seawater  pollution;  (3) 

19  coral  mucus  composition;  (4)  the  community  structure  of  symbiotic  algae;  and  (5)  the 

20  photosynthetic  activity  of  symbiotic  algae.  11%  of  the  variation  in  bacterial  communities 

21  was  accounted  for  by  covariation  with  these  variables;  the  most  important  being 

22  photosynthetically  active  radiation  (sunlight)  and  the  coral  uptake  of  sewage-derived 

23  compounds  as  recorded  by  the  8I5N  of  coral  tissue. 
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24  Introduction 

25  Although  coral  reefs  can  extend  to  water  depths  greater  than  100  m  (Goreau  and 

26  Wells  1 967),  diseases  of  hermatypic  scleractinian  corals  are  most  prevalent  and 

27  ecologically  destructive  in  warm,  shallow  (less  than  10  m),  near-shore  reef  environments. 

28  This  is  in  part  due  to  elevated  seawater  temperatures  (Gil-Agudelo  and  Garzon-Ferreira, 

29  2001 ;  Kuta  and  Richardson,  2002;  Cervino  et  al.,  2004;  Rosenberg  and  Falkovitz,  2004), 

30  increased  concentrations  of  pollutants  (Bruckner  et  al.,  1997;  Kim  and  Harvell,  2002; 

3 1  Patterson  et  al.,  2002;  Kaczmarsky  et  al.,  2005),  and  high  light  intensity  (Kuta  and 

32  Richardson,  2002;  Richardson  and  Kuta,  2003).  The  correlation  of  coral  disease 

33  incidence  with  these  conditions  suggests  that  the  fluctuating  physical  and  chemical 

34  conditions  of  shallow  water  environments  cause  systematic  differences  in  the  microbial 

35  communities  inhabiting  corals.  The  resident  microbiota  is  one  of  the  primary  defense 

36  mechanisms  against  pathogen  invasion  of  host  tissues  (Salyers  and  Whitt,  1994).  Under 

37  healthy  conditions  these  communities  contribute  to  pathogen  inhibition  through 

38  interspecific  competition  for  space  and  nutrients  and  secretion  of  antibiotic  substances 

39  (Salyers  and  Whitt,  1994;  Koh,  1997;  Riley  and  Gordon,  1999;  Riley  et  al.,  2003).  Thus, 

40  differences  in  the  microbial  community  of  a  healthy  coral  could  influence  susceptibility 

41  to  invasion  by  transient  pathogenic  microbes.  Furthermore,  as  with  coral  bleaching  by 

42  Vibrio  shiloi  (Rosenberg  and  Falkovitz,  2004),  environmental  factors  can  affect  microbes 

43  such  that  indigenous  microorganisms  change  from  being  mutualistic  to  pathogenic. 

44  Culture-independent  surveys  of  microbial  16S  rRNA  gene  sequences  have  shown 

45  coral  bacterial  communities  to  be  extremely  diverse  (Rohwer  et  al.,  2001;  Cooney  et  al., 

46  2002;  Frias-Lopez  et  al.,  2002;  Rohwer  et  al.,  2002;  Bourne  and  Munn,  2005). 
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47  Furthermore,  these  communities  appear  to  be  distinct  for  different  coral  species  (Rohwer 

48  et  ah,  2002)  and  unique  from  the  overlying  water  column  (Rohwer  et  ah,  2002;  Frias- 

49  Lopez  et  ah,  2004).  Coral  microbes  reside  primarily  within  or  upon  a  mucus  layer 

50  secreted  onto  the  surface  of  exposed  coral  tissues  (Ducklow,  1979a;  Bythell  et  ah,  2002); 

51  Fig.  1).  The  high  concentration  of  proteins,  polysaccharides,  and  lipids  that  comprise 

52  coral  mucus  make  it  a  suitable  environment  for  microbial  growth  (Ducklow,  1979a, 

53  1979b;  Ferrier-Pages,  2000;  Wild  et  ah,  2004).  While  data  are  sparse,  it  is  widely 

54  assumed  that  mucus  composition  must  play  an  important  role  in  shaping  microbial 

55  communities  (Ritchie  and  Smith,  2004).  This  is  supported  by  experiments  showing 

56  selective  carbon  source  utilization  by  cultured  bacteria  differs  among  1 1  coral  species 

57  (Ritchie  and  Smith,  1997).  Mucus  is  the  combined  product  of  corals  and  their  associated 

58  symbiotic  algae,  zooxanthellae.  In  corals  with  active  symbionts  it  has  been  calculated 

59  that  as  much  as  98%  of  the  net  carbon  assimilated  by  zooxanthellae  gets  released  as 

60  exudates,  including  coral  mucus  (Ikeda  and  Miyachi,  1995).  Furthermore,  previous 

61  studies  have  detected  significant  amounts  (up  to  47  molar  %)  of  arabinose  in  coral  mucus 

62  (Ducklow  and  Mitchell,  1979,  Meikle  et  ah  1988).  Arabinose  is  not  a  common 

63  constituent  of  animal  cells,  suggesting  the  possible  involvement  of  zooxanthellae,  as  it  is 

64  a  universal  constituent  of  plant  cells.  Therefore,  different  species  of  zooxanthellae 

65  (Baker,  2003)  as  well  as  variation  in  photosynthetic  activity  could  likely  influence  the 

66  composition  of  coral  mucus  and  thus,  the  coral  microbiota. 

67  Despite  the  potential  importance  of  environmental  and  physiologic  factors  in 

68  shaping  the  healthy  microbiota  of  coral  tissues,  there  are  limited  data  on  the  subject.  This 

69  study  provides  the  first  characterization  of  how  bacterial  communities  inhabiting  the 
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70  tissues  of  healthy  colonies  of  M.  annularis  change  along  gradients  of  seawater  depth  and 

71  coastal  pollution.  Based  on  a  generalized  model  of  coral-zooxanthellae-microbe 

72  interactions  (Fig.  1;  (Dubinsky,  1990;  Knowlton  and  Rohwer,  2003)  we  have  identified 

73  five  categories  of  ecological  parameters  that  potentially  influence  microbial  communities 

74  associated  with  coral  tissues.  These  include:  (1)  light  intensity  of  the  seawater 

75  environment;  (2)  concentration  of  seawater  pollution;  (3)  coral  mucus  chemical 

76  composition;  (4)  the  structure  of  zooxanthelle  communities;  and  (5)  the  relative 

77  photosynthetic  activity  of  zooxanthellae. 

78  The  leeward  coast  of  the  island  of  Curasao,  Netherlands  Antilles,  is  an  especially 

79  conducive  natural  laboratory  in  which  to  study  changes  in  coral  microbes  along  gradients 

80  of  pollution  and  water  depth  (Fig.  2).  The  approximately  150,000  people  living  on 

81  Cura9ao  are  concentrated  in  the  capital  city  of  Willemstad,  surrounding  the  natural  harbor 

82  of  St.  Annabaai.  The  large  commercial  and  military  harbor,  and  the  urban  center  of 

83  Willemstad  are  a  major  point  source  of  pollutants  such  as  nutrients,  metals,  hydrocarbons 

84  and  other  toxic  chemicals  (Gast,  1998a,  1998b).  Elevated  nutrients  associated  with 

85  sewage  discharge,  and  groundwater  seepage  onto  the  reef  could  be  measured  up  to  4  km 

86  downcurrent  from  the  harbor.  In  association  with  this  eutrophication,  bacterial 

87  production  was  increased  from  100-500  to  about  1,200  ngC  F1  h'1  (Gast  1998a). 

88  Furthermore,  the  island  is  surrounded  by  shallow  fringing  reefs  up  to  250  m  from  shore 

89  where  the  seafloor  slopes  down  from  8-10  m  to  30-50  m  water  depth  (Van  Duyl,  1985). 

90  This  provides  a  consistent  depth  gradient  to  sample  along  the  length  of  the  island. 

91  The  current  study  advances  our  understanding  of  coral-associated  microbial 

92  communities  by  providing  an  evaluation  of  changes  in  coral  tissue  bacterial  communities 
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93  across  gradients  in  water  depth  and  coastal  pollution.  Characterizing  the  variation  in 

94  bacterial  communities  along  these  gradients  has  allowed  us  to  determine  the  abundance 

95  and  taxomomic  significance  of  key  phototrophic  bacteria  and  provides  evidence  for 

96  disease-related  microorganisms  inhabiting  healthy  coral  tissues.  A  statistical  evaluation 

97  of  the  covariation  between  microbial  communities  and  the  basic  ecological  parameters  of 

98  the  coral  microbial  habitat  provides  insights  into  key  factors  controlling  the  coral 

99  microbiota. 

100 
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100  Results 

1 0 1  Variation  in  the  local  environment 

102  Light  intensity  at  the  three  reef  sites  (Jan  Thiel,  Water  Plant,  Playa  Hundu;  Fig.  2) 

103  varied  between  33%  and  36%  surface  PAR  (photosynthetically  active  radiation)  at  5  m, 

104  18%  and  22%  at  10  m,  and  9%  and  1 1%  at  20  m,  with  minimal  differences  between 

105  localities.  Over  the  month  of  July,  2004  temperatures  between  5  m  and  20  m  water  depth 

106  were  consistently  27.5  ±  0.5°C  at  all  three  localities. 

1 07  Coral  tissue  6I5N  from  36  colonies  of  M  annularis  ranged  between  2.47%o  and 

108  5.95%o,  with  average  values  approximately  1.75%o  higher  at  Jan  Thiel  and  Water  Plant 

109  compared  to  Playa  Hundu  (see  Supplemental  Information  for  values).  This  is  supported 

110  by  Kruskal-Wallis  statistical  tests  indicating  significant  differences  in  8I5N  between  reef 

1 1 1  localities  (Chi-square  =  2 1 .743,  d.f.  =  2,  p  =  0.000).  These  trends  in  8I5N  suggest  greater 

1  1 2  uptake  of  sewage-derived  compounds  by  corals  adjacent  to  the  population  center  of 

1 13  Willemstad  and  are  generally  consistent  with  previous  analyses  on  the  island  of  Curaqao 

1 14  (Klaus  et  al.,  2005)  as  well  as  in  the  Indo-Pacific  (Heikoop  et  al.,  2000b).  No  significant 

1 15  differences  in  coral  tissue  6I5N  were  detected  between  different  water  depths  (Chi-square 

116  =  0.379,  d.f.  =  2,  p  =  0.827). 

117 

1  1  8  Variation  in  zooxanthelle  photosynthesis  ( SI3C ) 

1 19  Coral  tissue  8I3C  for  the  36  samples  ranged  between  -13.48%o  and  -16.63%o,  with 

120  average  values  becoming  approximately  1.0%o  lighter  from  5  m  to  20  m  water  depth  (see 

121  Supplemental  Information  for  values).  This  trend  is  supported  by  Kruskal-Wallis 

122  statistical  tests  indicating  significant  differences  in  8I3C  between  corals  sampled  at  each 
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123  seawater  depth  (Chi-square  =  6.615,  d.f.  =  2,  p  =  0.037),  and  is  consistent  with  previous 

124  reports  of  reduced  photosynthetic  activity  of  zooxanthellae  under  lower  light  conditions 

125  (Heikoop  et  al.,  2000b;  Swart  et  al.,  2005).  Although  less  pronounced,  significant 

126  differences  were  also  detected  between  localities  (Chi-square  =  7.552,  d.f.  =  2,  p  = 

127  0.023).  On  average,  values  of  6I3C  are  0.5%o  lighter  at  Jan  Thiel  compared  to  Water 

128  Plant  and  Playa  Hundu. 

129 

130  Variation  in  coral  mucus  composition 

131  Analyses  of  coral  mucus  included  amino  acid  composition  and  monosaccharide 

132  composition  for  all  36  colonies  of  M.  annularis  collected.  In  general,  the  dominant 

1 33  monosaccharides  detected  were  fucose  (34%),  A-acetylglucosamine  (3 1  %),  and 

134  glucosamine  (1 1%),  while  serine  (18%),  aspartic  acid  (1 1%),  glutamic  acid  (1 1%),  and 

135  threonine  (10%)  were  the  dominant  amino  acids  (see  Supplemental  Information  for 

136  values).  ANOSIM  statistical  tests  based  on  a  sample  similarity  matrix  of  Euclidean 

137  distances  revealed  no  significant  differences  in  amino  acid  or  monosaccharide 

138  composition  due  to  water  depth  (Global  R  =  -0.001,  p  =  0.49)  or  locality  (Global  R  = 

139  0.044,  p  =  0.094). 

140 

141  Variation  in  zooxanthellae  communities 

142  Current  taxonomy  of  the  symbiotic  algal  genus  Symbiodinium  is  subdivided  into 

143  seven  clades  labeled  A-G  (Baker,  2003).  Based  on  RFLP  analyses  of  clones  obtained 

144  from  5  m  (n  =  74),  10  m  (n  =  75)  and  20  m  (n  =  90),  10  unique  ribotypes  of 

145  Symbiodinium  were  identified.  Phylogentic  analysis  of  multiple  sequenced  clones  from 
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146  each  ribotype  revealed  that  all  clones  belonged  to  either  clade  B  or  C.  Sequences  from 

147  the  colony  sampled  at  5  m  were  affiliated  primarily  with  clade  B,  while  sequences  from 

148  10  m  and  20  m  were  affiliated  with  clade  C.  TRPLP  profiles  of  the  28S  rRNA  gene  of 

149  Symbiodinium  digested  with  the  Cfo\  enzyme  were  used  to  characterize  differences  in 

150  Symbiodinium  communities  for  all  36  M.  annularis  colonies.  Ordination  of  these  TRFLP 

1 5 1  profiles  shows  distinct  differences  in  Symbiodinium  communites  from  5  m  versus  those  at 

152  10  m  and  20  m  (Fig.  3a).  This  is  further  supported  by  the  ANOSIM  statistical  test  for 

1 53  differences  between  depths  (5  m  vs.  10  m  r  =  0.  535,  p  =  0.001 ;  5  m  vs.  20  m  r  =  0.784,  p 

1 54  =  0.00 1 ;  1 0  m  vs.  20  m  r  =  0.058,  p  =  0.074).  The  TRF  peaks  most  important  in 

155  distinguishing  the  communities  at  different  water  depths  include  C/oI-137,  QoI-458,  and 

156  C/bI-510.  The  relative  abundance  of  these  peaks  within  the  36  colonies  is  illustrated  in 

1 57  Figure  3b-d.  By  comparing  TRF  peak  sizes  to  theoretical  enzyme  digests  of  sequenced 

158  clones  from  the  current  study  as  well  as  downloaded  sequences  from  GenBank,  it  was 

159  determined  that  C/oI-137  belongs  to  clade  B  and  dominates  in  shallow  water,  while  Cfo\- 

160  458  and  C/oI-510  belong  to  clade  C  and  are  more  common  at  10  m  and  20  m.  The  TRF 

161  peak  C/oI-149  associated  with  Symbiodinium  clade  A  was  also  detected  and  found  to  be 

162  more  common  in  shallow  water  samples.  No  significant  differences  were  detected 

163  between  Symbiodinium  communities  sampled  at  the  same  depth  from  different  localities. 

164 

1 65  Variation  in  bacterial  communities 

1 66  Bacterial  16S  rRNA  clone  libraries  derived  from  colonies  of  M.  annularis  sampled 

167  at  5  m  (PH-5m),  10  m  (PH- 10m),  and  20  m  (PH-20m)  are  affiliated  with  different 

168  assemblages  of  bacteria  (Fig.  4).  The  clone  library  constructed  from  colony  PH-5m  was 

1 69  dominated  by  sequences  of  a  unique  bacterium  (54%)  that  appears  to  be  a  new  bacterial 


9 


]  70  division;  CAB-I.  Phylogenetic  analyses  that  include  numerous  reference  bacteria  suggest 

171  an  association  between  CAB-I  and  Cyanobacteria  (Fig.  5a).  However,  additional  analyses 

1 72  including  a  representative  collection  of  Cyanobacteria  and  plastid  sequences  show  CAB-I  to 

1 73  be  distinct  from  and  thus  outside  this  division  (Fig.  5b).  In  addition  to  CAB-I,  the  clone 

174  library  of  PH-5m  also  contained  a  large  percentage  of  y-proteobacteria  ( 1 3%),  bacteroidetes 

175  (13%),  and  a-proteobacteria  (12%).  The  clone  library  from  the  10  m  colony  (PH- 10m) 

1 76  contained  fewer  sequences  of  CAB-I  (28%)  and  a  greater  percentage  of  a-proteobacteria 

177  (26%)  and  bacteroidetes  (28%).  The  colony  sampled  at  20  m  (PH-20m)  generated  no 

178  sequences  of  CAB-I  and  contained  a  larger  percentage  of  plastid  sequences  (18%).  In 

179  general,  sequences  from  the  20  m  sample  were  more  evenly  distributed.  Bacterial  sequences 

180  were  found  in  roughly  equal  percentages  of  y-proteobacteria  (18%),  a-proteobacteria  (17%), 

1 8 1  and  planctomycetes  ( 1 6%).  Overall,  clones  of  CAB-I  exhibited  decreasing  abundance  with 

1 82  increasing  water  depth,  and  clones  of  plastids,  Cyanobacteria  and  Firmicutes  increasing 

1 83  abundance  with  increasing  water  depth.  Because  sequencing  was  performed  on  only  one 

1 84  colony  from  each  depth,  these  trends  were  evaluated  by  comparing  theoretical  enzyme 

185  digests  of  sequenced  clone  libraries  (see  Supplemental  Information)  with  TRFLP  profiles 

1 86  from  the  36  sampled  colonies  of  M.  annularis. 

1 87  A  combined  total  of  421  TRFs  (169  Cfo\,  147  Mspl ,  105  Rsal)  were  identified  from 

188  the  36  samples  analyzed  in  the  present  study.  On  average  27  Cfol,  23  Mspl  and  13  Rsal 

1 89  peaks  were  detected  for  each  sample.  Of  the  421  peaks  identified,  1 1 1  were  detected  in  only 

190  a  single  sample. 

191  The  ANOSIM  test  for  differences  in  samples  collected  at  5  m,  10  m,  and  20  m 

192  suggests  distinct  variation  in  TRF  composition  based  on  the  water  depth  from  which  the 

193  coral  colony  was  collected  (Global  R  =  0.102,  p  <  0.01 1).  In  the  NMDS  ordination  of  all 

194  36  samples,  a  distinct  gradation  is  observed  from  samples  collected  at  5  m  to  samples 

1 95  collected  at  20  m  (Fig.  6a).  While  no  distinct  differences  were  detected  between  5  m  and  10 


10 


196  m  (r  =  0.01 1,  p  =  0.316),  or  10  m  and  20  m  (r  =  0.066,  p  =  0.105),  the  samples  from  5  m 

197  and  20  m  were  significantly  different  (r  =  0.248,  p  =  0.002).  SIMPER  analysis  (Table  1) 

1 98  reveals  the  major  TRFs  responsible  for  the  differences  in  the  microbial  communities  at  5  m 

199  and  20  m.  TRFs  displayed  increased  abundances  at  either  5  m  or  20  m  water  depth  (Fig. 

200  6b-d). 

201  Two  of  the  most  abundant  TRFs  from  the  SIMPER  analysis,  Msp\-\A9  and  Rsal- 

202  228,  are  affiliated  with  the  black  band  disease  (BBD)  cyanobacterium  clone  CD1C1 1 

203  (reported  in  (Frias-Lopez  et  ah,  2003;  Frias-Lopez  et  ah,  2004).  These  TRFs  make  up  as 

204  much  as  58%  of  the  TRFLP  fingerprint  based  on  peak  height.  Furthermore,  Mann- 

205  Whitney  U  tests  confirm  that  both  Msp\-\A9  (Z  =  -2.320,  p  =  0.020)  and  Rsa\-22%  (Z  =  - 

206  1 .987,  p  =  0.001)  are  more  common  in  5  m  samples  than  20  m  samples.  This  is  illustrated 

207  by  the  relative  abundance  of  TRF  RsaI-228  (Fig.  6c).  The  expected  Cfo\  TRF  for  CD  1 C 1  1 

208  of  670  bp  was  observed,  however  this  cut  site  was  also  found  to  be  common  to  other 

209  sequences  of  Cyanobacteria. 

2 1 0  Four  additional  TRFs  were  identified  to  test  the  seawater  depth  distribution  of 

21 1  Cyanobacteria  (C/bI-226,  C/bI-670 ,  Ms/?I-158,  and  Msp\-A9\).  Mann-Whitney  U  tests 

212  show  alj  four  Cyanobacteria]  TRFs  to  be  more  common  in  samples  from  5  m  than  20  m 

213  (C/oI-226  Z  =  -2.321,  p  =  0.020;  C/oI-670  Z  =  -1.909,  p  =  0.056;  MspI-161,  Z  =  -3.208,  p 

214  =  0.001 ;  Msp\-A9\  Z  = -3. 126,  p  =  0.002).  Two  TRFs  were  also  identified  to  test  the  depth 

215  distribution  of  plastids,  C/oI-212  and  Mspl-50A.  Neither  TRF  showed  statistically 

216  significant  differences  in  their  occurrences  (C/oI-212  Z  =  -0.751,  p  =  0.478;  Msp\-50A,  Z  = 

217  -0.752  p  =  0.478). 

218  Three  TRFs  were  identified  to  test  the  depth  trend  of  CAB-I  observed  in  the  clone 

2 1 9  libraries  ( Cfo\ - 1 67,  Mspl-507,  and  RszjI-606).  Mann-Whitney  U  tests  comparing 

220  occurrences  between  5  and  20  m  show  that  TRFs  C/oI-167  (Z  =  -3.209,  p  =  0.001)  and 

22 1  Mspl-501  (Z  =  -3.868,  p  =  0.000)  are  more  common  at  5  m  than  20  m,  whereas  no 
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222  difference  in  the  depth  distribution  of  RsaI-606  (Z  =  -1.294,  p  =  0.196)  was  detected.  Other 

223  bacterial  sequences  likely  share  the  Rsal-606  terminal  fragment. 

224  The  16S  rRNA  gene  clone  libraries  showed  increased  occurrences  of  sequences 

225  affiliated  with  Firmicutes  and  Planctomycetes  at  greater  seawater  depths.  Although  only 

226  one  unique  sequence  of  Firmicute  was  detected,  TRF  Msp\-\53  was  statistically  more 

227  abundant  at  20  m  (Z  =  -2.439,  p  =  0.0 1 5),  while  no  significant  differences  were  detected  in 

228  the  distribution  of  the  other  two  TRFs  (C/bI-236  Z  =  -0.482,  p  =  0.630;  /?5tfI-486  Z  =  1 .00, 

229  p  =  1 .00).  While  several  TRFs  affiliated  with  the  planctomycetacia  were  identified,  the  only 

230  TRF  present  in  enough  samples  to  warrant  statistical  evaluation,  1 3 1 ,  showed  no 

23 1  significant  difference  in  abundance  between  5  m  and  20  m  water  depth  (Z  =  -0.839,  p  = 

232  0.402). 

233  The  ANOSIM  procedure  was  also  used  to  test  for  significant  differences  in  TRF 

234  composition  at  the  different  reef  localities.  Significant  differences  between  localities  were 

235  found  for  the  5  m  samples  (Global  R  =  0.324,  p  =  0.007)  while  no  differences  were 

236  detected  at  10  m  (Global  R  =  0.125,  p  -  0.154)  or  20  m  (Global  R  =  0. 125,  p  =  0. 150). 

237  While  the  5  m  replicate  samples  from  Playa  Hundu  and  Jan  Thiel  were  fairly  similar,  the 

238  samples  from  Water  Plant  had  very  low  similarity  among  replicate  samples  and  could  not  be 

239  characterized  by  a  specific  microbial  consortium. 

240 

24 1  Canonical  correspondence  analysis 

242  Canonical  correspondence  analysis  (CCA)  was  used  to  assess  the  relative 

243  similarity  of  coral  colonies  as  a  function  of  both  bacterial  TRFLP  data  and  environmental 

244  and  physiologic  explanatory  variables.  These  include:  (1)  light  intensity  (PAR),  (2)  coral 

245  tissue  6I5N,  (3)  coral  tissue  8I3C,  (4-5)  the  relative  abundance  of  zooxanthellae  TRFs 

246  (Zoox-1,  Zoox-2;  represented  by  the  first  two  NMDS  axes  of  Figure  3),  and  (6-7)  the 
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247  combined  amino  acid  and  monosaccharide  composition  of  coral  mucus  (muc- 1 ,  muc-2; 

248  represented  by  the  first  two  principle  component  axes  (muc-1  -  26%  of  variance,  muc-2 

249  =  15%  of  variance).  The  cross-correlation  between  these  seven  explanatory  variables  is 

250  shown  in  Table  2. 

251  Axis  1  and  2  of  the  resulting  CCA  biplot  (Fig.  7)  account  for  10.65%  (6.17%  on 

252  axis  1  and  4.47%  on  axis  2)  of  the  total  variability  in  bacterial  TRJFLP  profiles.  Lines 

253  pointing  in  the  same  direction  depict  positively  correlated  variables  while  lines  at  a  90° 

254  angle  depict  uncorrelated  variables.  Distinct  clustering  of  samples  at  each  water  depth 

255  can  be  seen  along  axis  1 .  This  axis  is  correlated  to  PAR,  Zoox-1  and  6I3C.  Similarly,  a 

256  gradation  can  be  seen  along  axis  2  separating  samples  from  Playa  Hundu  from  those  of 

257  Water  Plant  and  Jan  Thiel.  Axis  2  is  correlated  to  815N  and  Zoox-2.  Results  of  forward 

258  selection  and  permutation  tests  indicate  no  additional  variability  in  the  bacterial  TRFLP 

259  data  would  be  explained  by  variables  in  addition  to  PAR  and  6I5N.  This  does  not  mean 

260  the  other  variables  do  not  contribute  to  variation  in  bacterial  communities,  only  that  they 

261  are  less  predictive.  The  variables  PAR,  813C,  and  Zoox-1  are  partially  correlated  (Table 

262  2),  thus,  their  individual  variations  do  not  explain  completely  unique  aspects  of  the  data. 
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263  Discussion 

264  Bacterial  communities  inhabiting  M.  annularis 

265  One  striking  difference  in  the  clone  libraries  from  5  m,  10  m,  and  20  m  was  the 

266  relative  abundance  of  16S  rRNA  gene  sequences  affiliated  with  the  candidate  new 

267  division  CAB-I  (Fig.  4).  While  sequences  affiliated  with  CAB-I  have  been  reported  in 

268  previous  coral-associated  clone  libraries,  (Frias-Lopez  et  al.,  2002;  Rohwer  et  al.,  2002) 

269  they  have  not  previously  been  reported  at  such  high  abundance,  nor  singled-out  as  an 

270  important  part  of  the  coral  bacterial  community.  Furthermore,  the  greater  abundance  of 

271  CAB-1  TRFs  at  shallow  water  depth,  and  the  association  with  Cyanobacteria  in 

272  phylogenetic  analyses  (Fig.  5a),  suggests  that  these  microorganisms  are  responsive  to 

273  light  and  potentially  phototrophic.  Although  further  work  is  required,  these  lines  of 

274  evidence  imply  that  CAB-I  is  a  deep-rooted  sister  division  of  the  clade  that  now 

275  encompasses  Cyanobacteria  and  plastids.  While  the  relationship  CAB-I  and  the  coral  is 

276  currently  unknown,  previous  studies  have  shown  endosymbiotic  Cyanobacteria  capable 

277  of  fixing  nitrogen  to  be  symbiotic  in  the  related  coral,  Montastraea  cavernosa  (Lesser  et 

278  al.  2004). 

279  The  bacterial  16S  rRNA  clone  libraries  from  5  m,  10  m  and  20  m  exhibit  striking 

280  qualitative  differences  in  composition,  and  were  utilized  to  evaluate  the  taxonomic 

281  identity  of  TRFs.  The  clone  libraries  suggest  that  Cyanobacteria  and  plastids  increase  in 

282  abundance  at  greater  water  depths.  However,  all  TRFs  from  Cyanobacteria  were  more 

283  common  in  shallow  water  and  none  of  the  plastid  TRTs  showed  any  abundance  trends 

284  with  seawater  depth.  This  discrepancy  in  the  two  techniques  (clone  libraries  vs.  TRFLP) 

285  is  most  likely  due  to  the  small  number  of  clones  sequenced  from  each  clone  library,  or 
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286  the  coral  colonies  chosen  for  sequencing  not  being  characteristic  of  the  more  generalized 

287  trends  observed  over  the  population.  In  addition  to  CAB-I  and  Cyanobacteria,  the 

288  abundance  of  several  other  TRTs  varied  with  seawater  depth  (Table  1).  TRFs  affiliated 

289  with  a-proteobacteria,  y-proteobacteria  and  bacteroidetes  exhibited  either  increasing  or 

290  decresing  abundance.  These  variable  distributions  suggest  that  microbes  within  these 

291  groups  are  ecologically  partitioned  along  the  seawater  depth  gradient.  TRFs  from  these 

292  phyla  showed  no  consistent  response  to  water  depth,  and  are  not  typically  thought  to  be 

293  light-sensitive,  thus,  the  trends  in  their  distribution  suggest  either  microhabitat  changes 

294  unaccounted  for,  or  species-specific  trophic  interactions  with  other  bacteria,  viruses,  or 

295  protozoa  (Torsvik  et  al.,  2002). 

296  Significant  differences  in  the  bacterial  TRPLP  data  along  the  coastal  pollution 

297  gradient  were  found  only  at  the  shallowest  water  depth.  This  suggests  that  the  shallow 

298  near-shore  reefs  of  Curagao  are  being  disproportionately  impacted  by  anthropogenic 

299  influences.  Previous  studies  on  Curasao  found  significant  differences  in  the  bacterial 

300  communities  of  Diploria  strigosa  at  impacted  sites,  but  no  differences  in  the  communities 

301  of  M  annularis  (Klaus  et  al.,  2005).  These  studies  together  suggest  the  influence  of 

302  anthropogenic  pollutants  will  vary  both  temporally  and  between  host  coral  species. 

303  These  patterns  are  similar  to  those  observed  in  coral  disease  monitoring  studies 

304  (Bruckner,  2002).  Patterns  of  disease  occurrence  vary  seasonally,  annually,  over  broad 

305  geographic  regions,  and  between  coral  species  (Bruckner,  2002). 

306 

307  Controls  on  bacterial  community  structure 
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308  An  additional  aspect  of  the  present  study  was  assessment  of  the  potential  factors 

309  responsible  for  the  observed  variations  in  bacterial  communities.  Based  on  canonical 

310  correspondence  analyses,  10.65%  of  the  variation  in  TRPLP  profiles  was  accounted  for 

311  by  changes  in  environmental  and  physiologic  factors.  Forward  selection  tests  found  that 

312  no  additional  information  was  gained  by  adding  variables  in  addition  to  PAR  and  SI5N. 

313  Variation  in  PAR  is  primarily  associated  with  changes  in  water  depth,  while  variation  in 

314  6I5N  is  primarily  associated  with  human  pollution.  While  this  suggests  bacterial 

3 1 5  communities  respond  largely  to  the  external  environment  versus  factors  more  closely 

316  linked  to  coral  physiology  (5I3C,  muc-1,  muc-2,  zoox-1,  zoox-2),  the  correlation  of  zoox- 

317  1  and  &I3C  to  PAR  makes  it  difficult  to  rule  out  independent  effects  from  these  variables. 

318  Results  of  the  CCA  leave  a  large  amount  of  the  variation  in  bacterial  TRFLP  data 

319  unexplained  (89%).  While  this  is  common  for  ecological  communities,  in  particular 

320  microbes  (Fahey  et  al.,  2005),  it  suggests  additional  factors  may  be  important  in  shaping 

321  bacterial  community  structure.  A  recent  study  of  ascomycete  fungal  communities 

322  compared  variation  within  versus  between  four  different  land  systems.  A  correlation  of 

323  fungal  communities  to  landsystems  was  either  not  present,  or  extremely  weak  (Green  et 

324  al.  2004).  The  authors  concluded  these  communities  respond  at  a  much  finer  spatial  scale 

325  than  that  used  to  define  land  systems.  Similarly,  it  is  possible  that  the  explanatory 

326  variables  used  in  the  present  study  could  be  improved  to  provide  a  greater  amount  of 

327  ecologically  meaningful  information.  For  example,  microsensors  (O2,  pH,  NOx",  H2S) 

328  could  be  used  to  evaluate  variation  in  the  microenvironment  of  the  coral  surface 

329  microlayer.  Furthermore,  in  the  current  study  we  used  monosaccharide  and  amino  acid 

330  composition  as  proxy  variables  to  describe  the  variation  in  coral  mucus.  Overall,  we 
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331  found  little  variation  in  the  mucus  composition  of  M.  annularis  at  different  depths  and 

332  localities.  These  variables  could  be  insufficient  in  capturing  important  variation  in  the 

333  nutritional  or  rheological  properties  of  mucus  associated  with  the  actual  carbohydrate, 

334  protein  and  lipid  composition  (Murty  et  al.,  1987;  Meikle  et  al.,  1988).  Lastly,  assessment 

335  of  the  physiologic  state  of  the  coral  and  zooxanthellae  could  be  improved  by  including 

336  protein  or  gene  expression  data  in  addition  to  8  C  or  other  more  direct  measurements  of 

337  photosynthetic  activity. 

338  Given  that  coral-associated  bacterial  communities  are  estimated  to  have  as  many 

339  as  6,000  unique  ribotypes,  (Rohwer  et  al.,  2002)  the  weak  correlation  to  explanatory 

340  variables  is  not  that  surprising.  It  is  likely  that  much  of  the  observed  variation  in  these 

341  communities  can  be  attributed  to  high  spatial  and  temporal  heterogeneity  associated  with 

342  the  complex  interactions  of  such  a  diverse  community  (Torsvik  et  al.,  2002).  It  is  also 

343  likely  that  a  component  of  the  variation  in  these  communities  is  associated  with  inactive 

344  bacteria.  By  incubating  corals  with  tracer  amounts  of  Br-dUPT  and  comparing  bacterial 

345  clone  libraries  generated  with  immunoprecipitated  DNA  and  the  total  DNA,  Rohwer  and 

346  Kelley  (2004)  report  that  little  overlap  was  found  between  growers  and  nongrowers 

347  (PTPtest;  P<0.0001 ).  Therefore,  the  explanatory  power  of  variables  used  in  the  current 

348  study  could  likely  have  been  improved  by  focusing  solely  on  the  actively  growing 

349  community. 

350  The  current  study  focuses  on  intraspecies  variation  in  bacterial  communities  and 

351  its  correlation  to  environmental  and  physiologic  factors.  However,  it  should  be  noted  that 

352  ecological  factors  with  little  utility  in  explaining  intraspecies  variation  may  be  important 

353  in  explaining  the  variation  in  microbial  communities  found  between  different  coral 
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species.  For  example,  the  monosaccharide  and  amino  acid  composition  of  different  coral 
species  can  be  markedly  different  (Ducklow,  1979b;  Meikle  et  al.,  1988).  It  is  likely  that 
these  more  pronounced  differences  could  be  important  in  explaining  the  interspecies 
variation  in  coral-associated  bacterial  communities  documented  by  Rohwer  et  al.  (2002). 

Implications  for  coral  health 

Scleractinian  corals  maintain  themselves  through  dynamic  yet  delicate 
interactions  with  the  surrounding  seawater  environment  and  multiple  unique  associations 
with  microorganisms  (Knowlton  and  Rohwer,  2003).  Temperature  changes  of  ~2°C  have 
been  shown  to  trigger  bleaching  events  that  span  entire  ocean  basins  (Berkelmans  and 
Oliver,  1999;  Harvell  et  ah,  2002).  Furthermore,  patterns  of  coral  disease  distribution 
obtained  from  the  global  coral  disease  database  indicate  that  97%  of  all  locations  in  the 
Caribbean  affected  by  coral  diseases  correspond  to  areas  where  human  activities  are 
expected  to  have  medium  to  high  impacts  (Green  and  Bruckner,  2000). 

The  variation  we  observed  in  bacterial  communities  associated  with  healthy 
colonies  of  M.  annularis  highlights  the  sensitivity  of  the  coral  microbiota  to 
environmental  change.  As  a  result  of  this  sensitivity,  corals  living  under  certain 
environmental  conditions  may  be  preferentially  at  risk  of  disease.  This  is  best 
demonstrated  by  the  abundance  patterns  obtained  from  TRFs  of  the  BBD  cyanobacterium 
clone  CD1C1 1.  While  BBD  Cyanobacteria  had  been  optically  identified  from  dark 
aggregates  found  on  healthy  coral  tissues  (Richardson,  1 997),  prior  to  the  current  study  it 
was  not  thought  to  be  commonly  associated  with  healthy  coral  tissues  (Cooney  et  al., 
2002;  Frias-Lopez  et  al.,  2003;  Frias-Lopez  et  al.,  2004).  We  detected  TRFs  associated 
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377  with  CD1C1 1  in  31  of  the  36  samples  analyzed,  and  found  it  to  be  most  abundant  at  the 

378  shallowest  water  depth.  When  present,  CD1C1 1  comprised  between  1%  and  58%  of  the 

379  coral  microbiota  based  on  TRP  peak  height.  While  the  increased  abundance  of  CD1C1 1 

380  in  shallow  water  is  consistent  with  the  increased  incidence  of  BBD  in  shallow  water 

381  (Kuta  and  Richardson,  2002),  it  is  not  consistent  with  previous  physiologic  studies  of 

382  purported  BBD  Cyanobacteria  (Richardson  and  Kuta,  2003).  The  threshold  for 

383  maximum  photosynthetic  rate  (Pmax)  in  culture  was  obtained  at  very  low  light  intensities 

384  (27.9  p.E  m’2  s'  ;  (Richardson  and  Kuta,  2003)  leading  the  authors  to  conclude  the 

385  occurrence  of  BBD  in  shallow  water  was  due  to  self-shading,  a  behavioral  strategy  by 

386  which  filamentous  Cyanobacteria  form  clumps  to  minimize  light  exposure  (Castenholz, 

387  1982).  However,  given  that  subsequent  phylogenetic  studies  have  shown  the  strain  used 

388  in  these  studies  to  differ  from  the  common  BBD  cyanobacterium  CD1C1 1  (Frias-Lopez 

389  et  al.,  2003;  Frias-Lopez  et  al.,  2004),  we  find  it  just  as  likely  that  the  high  incidence  of 

390  BBD  in  shallow  water  is  directly  related  to  the  increased  abundance  of  CD1C1 1  on 

391  healthy  coral  colonies  living  in  high  light  environments.  Future  culturing  studies  using 

392  confirmed  strains  of  CD1C1 1  are  necessary  to  assess  the  ecological  physiology  of  the 

393  BBD  Cyanobacteria.  Regardless  of  the  relationship  between  BBD  Cyanobacteria  and  the 

394  environment,  TRF'LP  profiling  is  a  powerful  assay  of  the  potential  vulnerability  of  local 

395  reefs  to  BBD  outbreak. 

396 
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396  Conclusions 

397  The  variation  in  microbial  assemblages  along  environmental  gradients  provides 

398  valuable  insights  into  the  dynamic  nature  of  microbial  communities  and  the  ecological 

399  factors  that  control  their  structure.  This  study  shows  how  bacterial  communities 

400  inhabiting  coral  tissues  change  in  response  to  seawater  depth  and  coastal  pollution. 

401  Differences  in  bacterial  communities  sampled  across  a  pollution  gradient  are  found  only 

402  at  the  shallowest  water  depth.  This  suggests  the  shallow  near-shore  reefs  of  Curayao  are 

403  disproportionately  impacted  by  anthropogenic  factors.  Additionally,  the  analyses 

404  completed  in  this  study  indicate  that  bacterial  communities  associated  with  M.  annularis 

405  vary  systematically  along  a  seawater  depth  gradient  of  5  m,  10  m,  and  20  m.  The 

406  taxonomic  identity  of  bacterial  TRFs  exhibiting  variation  with  increasing  seawater  depth 

407  was  determined  by  comparison  with  16S  rRNA  clone  libraries  for  bacteria. 

408  Canonical  correspondence  analysis  (CCA)  including  seven  environmental  and 

409  physiologic  explanatory  variables  related  to  light  intensity  (PAR),  seawater  pollution 

410  (6i5N),  coral  mucus  (Muc-1,  Muc-2),  and  the  diversity  (Zoox-1,  Zoox-2)  and  activity 

41 1  (8I3C)  of  zooxanthellae  accounted  for  1 1%  of  the  variation  in  bacterial  communities 

412  along  the  gradients  of  water  depth  and  pollution.  Forward  selection  tests  indicated  no 

413  additional  variation  was  accounted  for  by  adding  variables  in  addition  to  PAR  and  6I5N. 

414  Prior  to  the  current  study,  the  BBD  Cyanobacterium  CD1C1 1  was  not  thought  to 

415  be  commonly  associated  with  healthy  coral  tissues.  Here  we  report  that  3 1  of  the  36 

416  sampled  corals  were  positive  for  the  BBD  Cyanobacterium.  Furthermore,  we  found 

417  CD1C1 1  to  comprise  as  much  as  58%  of  the  healthy  microbial  community  and  to  be 

418  more  common  in  shallow  water  (5  m)  compared  to  deeper  water  (20  m). 
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419  Final  ly,  and  unexpectedly,  we  report  findings  of  a  unique  coral-associated 

420  bacterium,  CAB-I.  Preliminary  studies  indicate  CAB-I  to  be  phototrophic  and  a  deep- 

421  rooted  sister  division  to  the  clade  that  now  encompasses  Cyanobacteria  and  plastids. 

422  Additional  studies  of  CAB-1  are  required  to  confirm  its  phototrophic  nature,  refine  its 

423  taxonomic  status,  and  assess  its  diversity  and  distribution. 

424 
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424  Experimental  procedures 

425  Coral  sampling 

426  The  current  study  is  based  on  analyses  of  the  Caribbean  reef  coral  Montastraea 

427  annularis.  We  selected  M.  annularis  because  it  is  ecologically  dominant,  has  a  relatively 

428  large  depth  distribution  (0-25  m),  and  is  known  to  be  susceptible  to  numerous  coral 

429  diseases.  In  July  2004  tissue  samples,  coral  mucus  samples,  and  small  colony  fragments 

430  of  M.  annularis  were  collected  from  36  colonies.  Four  replicate  samples  were  collected 

431  at  5  m,  1 0  m,  and  20  m,  at  three  localities  along  the  leeward  coast  of  Curayao  (Fig.  2). 

432  Based  on  previous  studies  (Gast,  1998a,  1998b;  Klaus  et  al.,  2004)  Water  Plant, 

433  immediately  adjacent  to  the  seaport  and  urban  center  of  Willemstad,  was  thought  to  be 

434  the  most  heavily  polluted  locality,  and  Playa  Hundu,  a  remote  locality  approximately  32 

435  kilometers  downcurrent,  was  thought  to  be  the  most  pristine. 

436  Tissue  samples  for  molecular  analyses  of  bacteria  and  zooxanthellae  were 

437  collected  from  the  upper  surface  of  the  colony  by  removing  a  2  cm  by  2  cm  portion  of  the 

438  uppermost  1  cm  of  the  coral  colony  with  a  chisel  and  placing  the  sample  in  a  sterile  50  ml 

439  polypropylene  tube.  Upon  returning  to  shore  the  seawater  within  each  tube  was  decanted 

440  and  coral  samples  were  then  immersed  in  80%  ethanol  and  crushed,  creating  a  slurry  of 

441  coral  tissue,  zooxanthellae,  mucus,  microorganisms,  and  skeletal  material. 

442  Coral  mucus  samples  were  collected  from  small  fragments  of  the  same  colonies 

443  sampled  for  molecular  analyses.  These  fragments  were  placed  in  clean  plastic  bags  and 

444  brought  to  shore  where  mucus  was  drawn  from  the  coral  surface  into  50  ml 

445  polypropylene  tubes  and  frozen  at  -40°C.  After  sampling  coral  mucus,  the  remaining 
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446  fragments  were  dried  for  three  days  at  35°C  to  preserve  them  for  subsequent  analyses  of 

447  coral  tissue  SI5N  and  8I3C. 

448 

449  Characterizlion  of  the  reef  environment 

450  Three  variables  were  used  to  characterize  environmental  variation  both  along  the 

45 1  depth  gradient  and  between  the  three  reef  localities  sampled:  (1)  temperature;  (2) 

452  photosynthetically  active  radiation  (PAR);  and  (3)  the  8I5N  of  coral  tissue.  Measurements 

453  of  temperature  and  PAR  were  taken  at  each  depth  at  each  reef  locality  at  noon  on  a 

454  normal  sunny  day.  Temperature  was  measured  on  a  Genesis  ReactPro  dive  computer 

455  (Genesis  Scuba,  Clarence  Center,  NY)  to  an  accuracy  of  ±  0.5°C.  Measurements  of  PAR 

456  were  obtained  using  a  LI- 192  light  sensor  connected  to  the  LI- 1000  data  logger  (LI-COR 

457  Biosciences,  Lincoln,  NE).  PAR  measurements  typically  have  ±  5%  uncertainty.  Values 

458  of  PAR  used  in  the  present  study  represent  averages  of  ten  measurements. 

459  The  5I  SN  of  coral  tissue  (Heikoop  et  al.,  1998;  Heikoop  et  al.,  2000a;  Heikoop  et 

460  al.,  2000b;  Klaus  et  al.,  2005)  was  used  to  determine  the  relative  amount  of  sewage- 

461  derived  compounds  being  taken  up  by  corals  at  each  sampling  site.  To  do  this  an  area  of 

462  tissue  approximately  25  cm"  was  removed  from  the  upper  growth  surface  of  each  colony 

463  using  a  small  microdrill.  Samples  were  then  decalcified  using  1  N  hydrochloric  acid, 

464  rinsed  in  distilled  water,  and  dried  using  a  Vacufuge  Concentrator  5301  (Eppendorf, 

465  Westbury,  N.Y.).  Thus,  each  sample  is  composed  of  a  combination  of  host  coral  tissue 

466  and  zooxanthellae.  Each  sample  (0.5  to  1.0  mg)  was  then  analyzed  in  continuous  flow 

467  mode  utilizing  a  Eurovector  Elemental  analyzer  coupled  to  a  Micromass  Isoprime  mass 

468  spectrometer  located  in  the  Department  of  Earth  and  Environmental  Science  at  Los 
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469  Alamos  National  Laboratory.  Typical  precision  for  SI5N  based  on  replicates  of  coral 

470  tissue  samples  and  in-house  coral  tissue  standards  was  <0.2  l%o  (lo).  Values  were 

471  calibrated  using  in-house  standards  including  deep-sea  coral  tissue  (Heikoop  et  al.,  2002) 

472  that  was  originally  analyzed  in  the  laboratory  of  Zachary  Sharp  at  the  University  of  New 

473  Mexico  and  calibrated  against  IAEA-N3  and  USGS  RSIL  N1  1  potassium  nitrate 

474  standards. 

475 

476  Characterization  of  zooxanlhellae  primary’  production 

477  The  relative  photosynthetic  activity  of  zooxanthellae  within  each  coral  sample 

478  was  assessed  using  the  5I3C  value  of  coral  tissue.  Values  of  SI3C  are  useful  for 

479  determining  the  relative  photosynthetic  activity  of  corals  sampled  from  different  depths 

480  and  localities  (Heikoop  et  al.,  2000b;  Swart  et  al.,  2005).  More  negative  values  are 

481  typically  characteristic  of  reduced  photosynthesis.  Coral  tissue  5I  3C  was  analyzed  in 

482  tandem  with  coral  tissue  SI5N  (see  above).  Typical  precision  of8l3C  based  on  replicates 

483  of  coral  tissue  samples  and  in-house  coral  tissue  standards  is  <0.2%o  (lo). 

484 

485  Characterization  of  coral  mucus 

486  The  monosaccharide  and  amino  acid  composition  of  healthy  coral  mucus  in  all  36 

487  colonies  of  M.  annularis  was  determined  to  assess  the  potential  role  of  coral  mucus 

488  composition  in  structuring  bacterial  communities.  Mucus  samples  were  centrifuged  at 

489  15,000  g  and  the  supernatant  was  dialyzed  using  Spectra  Por6  1000  kDa  dialysis 

490  membranes  (Fischer  Scientific,  Pittsburgh,  PA)  with  4  changes  of  20  volumes  cold  (4°C) 

491  demineralized  water  during  48  hours.  The  dialyzed  mucus  was  concentrated  by  freeze- 
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492  drying.  The  lyophilized  mucus  was  then  transferred  to  2ml  screw-cap  tubes,  weighed  and 

493  then  solubilized  to  a  concentration  of  3  -  15  mg/ml. 

494  Monosaccharides  were  quantified  after  a  two-step  sulfuric  acid  hydrolysis 

495  (Hoebler  et  al.,  1989)  using  the  Dionex  DX500  HPLC  system  consisting  of  an  AS3500 

496  autosampler,  GP  50  gradient  pump,  and  ED  40  pulsed  electrochemical  detector  equipped 

497  with  a  gold  working  electrode,  utilizing  a  CarboPac  PA-1  column  and  guard,  and  a  50  pi 

498  injection  volume.  The  degassed  mobile  phase  consisted  of  water,  at  1  ml/min,  with 

499  postcolumn  addition  of  300  mM  NaOH  (0.5  ml/min)  (Bourquin  et  al.,  1990). 

500  To  quantify  amino  acids,  1-4  mg  dialyzed  mucus  concentrate  was  transferred  to  2 

501  ml  screw-thread  glass  vials  with  phenolic  caps  and  PTFE/  silicone  septa  (National 

502  Scientific  Company,  Duluth,  GA).  The  samples  were  then  freeze-dried  and  hydrolyzed  in 

503  0.5  ml  of  anoxic  6N  HC1  (Spitz,  1973).  The  samples  were  analyzed  on  a  Model  126AA 

504  amino  acid  analyzer  with  a  12  cm  System  6300  Sodium  Ion  exchange  column  (Beckman 

505  Coulter,  Fullerton,  CA).  The  amino  acids  were  eluted  from  the  column  using  sodium 

506  citrate  buffers  (Beckman  Coulter).  After  post-column  derivatization  with  ninhydrin,  the 

507  absorbance  was  measured  at  570  nm.  The  instrument  was  calibrated  with  a  Beckman 

508  Hydrolysate  standard. 

509 

5 1 0  Characterization  of  zooxanthellae  and  bacterial  communities 

51 1  Communities  of  zooxanthellae  (belonging  to  group  Symbiodinium)  and  bacteria 

512  associated  with  M.  annularis  were  characterized  using  a  combined  approach  of  terminal 

513  restriction  fragment  length  polymorphism  (TRFLP)  and  sequencing  of  clone  libraries  to 

514  taxonomically  identify  terminal  restriction  fragments  (TRFs).  The  UltraClean  Soil  DNA 
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5 1 5  Kit  (Mo  Bio,  Solana  Beach,  CA)  was  used  to  extract  genomic  DN  A  from  coral  slurries. 

516  To  perform  the  extraction,  2  ml  of  sample  was  concentrated  via  centrifugation, 

517  resuspended  in  300  pi  of  MicroBead  solution,  and  prepared  as  recommended  by  the 

5 1 8  manufacturer. 

519  Genes  encoding  for  16S  rDNA  in  bacteria  and  28S  rDNA  in  Symbiodinium  were 

520  amplified  by  PCR  using  a  Mastercycler  gradient  thermocycler  (Eppendorf).  Primers  used 

521  in  the  PCR  amplifications  of  bacteria  were  U9F  (5’-GAGTTTGATYMTGGCTC)  and 

522  U1 509R  (5 ’-G YT ACCTTGTT ACG ACTT)  (Integrated  DNA  Technologies,  Coralville, 

523  IA).  Primers  used  in  the  PCR  amplifications  of  the  Symbiodinium  were  lsu-UFPl  (5’- 

524  CCCGCTAATTTAAGCATATAAGTA),  and  lsu-URPl  (5’- 

525  GTT AGACT CCTT GGTCGTGTTTCA)  (Zardoya  et  al.,  1995;  van  Oppen  et  al.,  2001). 

526  PCR  was  performed  using  a  reaction  mixture  of  0.2  mM  of  each  deoxynucleoside 

527  triphosphate  (Promega,  Madison,  WI),  200  ng  each  of  the  forward  and  reverse  primers, 

528  0.5  to  10  pi  of  the  sample  preparation,  1 X  Taq  Master,  IX  Taq  Buffer  (50mM  KC1, 

529  lOmM  Tris-HCl  pH  8.3,  1.5  mM  Mg(OAc)2)  and  water  to  bring  the  total  volume  to  50  pi. 

530  The  PCR  profile  was:  one  cycle  of  4  min  at  94°C,  35  cycles  of  30  sec  at  94°C,  30  sec  at 

531  55°C  (60°C  for  lsu-UFPl  and  lsu-URPl)  and  90  sec  at  72°C,  followed  by  5  min  at  72°C. 

532  Optimization  of  PCR  was  performed  for  each  sample  by  adjusting  the  amount  of  genomic 

533  DNA  extract  used  to  obtain  a  strong  band  on  an  agarose  gel,  without  visible  nonspecific 

534  product  (Blackwood  et  al.,  2003). 

535  Bacterial  and  Symbiodinium  clone  libraries  were  constructed  for  one  coral  colony 

536  at  5  m,  10  m,  and  20  m  from  Playa  Hundu.  Gel-purified  PCR  product  was  cloned  into 

537  pGEM-T  (Promega)  and  transformed  into  calcium  chloride  competent  DH5aMCR  E.  coli 
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538  (Sambrook  et  al.,  1989).  Clones  were  screened  for  the  presence  of  the  insert  and  forward 

539  orientation  by  PCR  using  plasmid  primer  T7  and  U 1 509R  or  lsu-URP  1 .  Symbiodinium 

540  clone  libraries  were  additionally  screened  by  RFLP  using  Cfol  and  Mspl  to  maximize  the 

541  number  of  unique  clones  for  sequencing.  Complete,  forward  oriented  clones  were 

542  patched  into  2  ml  96-well  plates  filled  with  Luria  broth  and  100  pg/ml  ampicillin  (Roche 

543  Molecular  Biochemicals,  Indianapolis,  IN)  and  incubated  overnight  at  37°C. 

544  Sequencing  was  performed  in  the  High  Throughput  Laboratory  of  the  University 

545  of  Illinois  W.  M.  Keck  Center  for  Comparative  and  Functional  Genomics.  The  96-well 

546  culture  plates  were  used  to  inoculate  2  ml  96-well  culture  plates  containing  Circle  Grow 

547  media  (BiolOO)  supplemented  with  ampicillin.  Plasmid  template  DNA  was  purified  from 

548  the  cultures  using  an  automated  system  and  the  QIAwell  96  Turbo  prep  BioRobot  Kit 

549  (Qiagen,  Valencia,  CA).  Sequencing  was  performed  using  the  T7  plasmid  primer. 

550  Plasmid  templates  were  prepped  on  a  Qiagen  Bio  Robot  9600,  and  Big  Dye  Terminator 

55 1  chemistry  (v.2.0)  (Applied  Biosystems,  Foster  City,  CA)  was  used  for  sequencing 

552  reactions.  Sequencing  was  performed  on  a  3730XL  capillary  sequencer  (Applied 

553  Biosystems). 

554  For  TRFLP  analysis  primers  Univ  9F  and  lsu-UFPl  were  both  labeled  at  the  5’ 

555  end  with  phosphoramidite  fluorochrome  6-carboxyfluorescein  (6-FAM).  Pooled  PCR 

556  replicates  were  purified  using  the  Wizard  PCR  prep  kit  (Promega,  Madison,  WI). 

557  Restriction  digests  were  then  performed  independently  using  three  tetrameric  enzymes 

558  (Cfol,  Mspl,  and  Rsal).  For  each  digest  eight  microliters  of  purified  PCR  product  was 

559  digested  with  10  U  of  restriction  enzyme  in  a  total  volume  of  20  pi.  Incubation  was  done 

560  at  37°C  for  9  hr  followed  by  1 5  min  at  65°C  to  denature  the  restriction  enzyme. 
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561  The  precise  lengths  of  TRPLP  fragments  were  determined  by  multicapillary 

562  electrophoresis  with  a  model  3730x1  capillary  sequencer  (Applied  Biosystems).  1  pi  of 

563  the  digested  DNA  was  mixed  with  10  pi  of  Hi-Di  formamide  solution  (Applied 

564  Biosystems),  and  0.15  pi  MapMarkerlOOO  ROX-labeled  sizing  standard  (Bioventures, 

565  Muffreesboro,  TN).  The  mixture  was  separated  in  fragment  analysis  mode  with  the 

566  following  run  parameters:  prerun  voltage,  15.0  kV;  prerun  time,  180  sec;  injection 

567  voltage,  1.5kV;  injection  time,  15  sec;  run  voltage,  15.0  kV;  run  temperature,  63°C;  run 

568  time,  3000  sec.  The  linear  polymer  matrix  consisted  of  the  performance-optimized 

569  polymer  type  7  (Applied  Biosystems).  The  lengths  of  the  fragments  were  determined 

570  using  the  Local  Southern  size-calling  algorithm  of  the  Genemapper  Analysis  Software 

571  Version  3.7  (Applied  Biosystems).  To  assure  accuracy  within  one  base  pair  a  correction 

572  factor  based  on  a  6-Fam  labeled  sizing  ladder  was  subsequently  applied. 

573  Sample  versus  TRFLP  peak  data  matrices  were  constructed  using  peaks  above  a 

574  threshold  of  50  units  above  background.  To  avoid  detection  of  primers  and  uncertainties 

575  associated  with  fragment  size  determination,  peaks  smaller  than  50  base  pairs  (bp)  and 

576  larger  than  1050  bp  were  culled  from  the  data  set.  Aligned  peaks  were  placed  into  bins 

577  typically  less  than  two  base  pairs.  Abundance  data  were  obtained  from  the  relative  peak 

578  height  following  sample  standardization  (Blackwood  et  al.,  2003).  The  taxonomic 

579  identity  of  TRFs  were  assessed  by  comparison  with  theoretical  digests  of  16S  rRNA  gene 

580  sequences  from  the  present  study  as  well  as  over  900  coral-associated  bacterial  sequences 

581  obtained  from  previous  studies  (Frias-Lopez  et  al.,  2002;  Frias-Lopez  et  al.,  2003;  Frias- 

582  Lopez  et  al.,  2004). 

583 
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584  Sequence  and phylogentic  analyses 

585  Sequences  were  classified  through  an  iterative  process  of:  (1)  comparison  with  the 

586  GenBank  database  using  the  Basic  Local  Allignment  Search  Tool  (BLAST)  (Altschul  et 

587  al.,  1990);  (2)  comparison  using  the  sequence  match  tool  of  the  Ribosomal  Database 

588  Project  II  website,  (Cole  et  al.,  2005);  and  (3)  phylogenetic  analyses  with  numerous 

589  reference  sequences.  Sequences  were  aligned  using  the  Clustal  X  program,  and 

590  phylogentic  analysis  and  trees  were  obtained  using  the  program  PAUP*  version  4.0b  10 

591  (Swofford,  2002). 

592 

593  Nucleotide  sequence  accession  numbers 

594  The  sequences  of  the  partial  gene  fragments  were  deposited  in  GenBank  under 

595  accession  numbers  DQ200400  through  DQ20071  1. 

596 

597  Ordinations  of  TRFLP  data 

598  To  assess  the  variation  in  zooxanthellae  and  bacterial  communities,  sample 

599  similarity  matrices  were  independently  constructed  based  on:  (1)  Symbiodinium  TRJLP 

600  profiles;  and  (2)  bacterial  TRF LP  profiles.  Similarity  values  were  obtained  using  the 

601  Bray-Curtis  dissimilarity  coefficient  (Bray  and  Curtis,  1957)  following  a  square-root 

602  transformation. 

603  Ordination  by  non-metric  multidimensional  scaling  (NMDS)  (ICruskal,  1964)  was 

604  used  to  visually  examine  differences  among  samples.  Each  ordination  was  run  with  60 

605  random  starting  configurations  and  proceeded  through  multiple  iterations  until  the  fit  of  a 

606  non-parametric  regression  of  d  (distances  between  samples  on  the  NMDS  plot)  against  8 
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607  (Bray-Curtis  dissimilarities  or  Euclidean  distances)  could  not  be  improved.  To  test  the 

608  significance  of  differences  due  to  seawater  depth  or  reef  site,  similarity  matrices  were 

609  subjected  to  the  analysis  of  similarities  procedure  (ANOSIM)  (Clarke  and  Warwick, 

610  2001).  This  analysis  is  based  on  a  non-parametric  permutation  procedure  applied  to  the 

61 1  rank  similarity  matrix.  If  samples  within  a  group  are  identical,  then  Global  R  =  1. 

612  Similarity  percentages  (SIMPER)  (Clarke  and  Warwick,  2001)  were  used  to  determine 

613  TRE  peak  contributions  to  the  average  dissimilarity  of  samples  between  different  sample 

614  groups.  NMDS  ordinations  and  statistical  tests  were  performed  using  PRIMER  5  v.  5.2.9 

6 1 5  (PRIMER-E,  Plymouth,  UK)  and  SPSS  1 0.0  (SPSS  Inc.,  Chicago,  IL). 

616 

61 7  Covariation  in  bacteria,  the  environment,  and  coral  physiology 

6 1 8  Cannonical  correspondence  analysis  (CCA)  was  used  to  determine  which 

619  environmental  and  physiologic  factors  were  most  important  in  explaining  the  observed 

620  variation  in  the  coral  microbiota.  In  CCA  analyses  each  canonical  ordination  axis 

621  corresponds  to  a  direction  in  the  multivariate  scatter  of  TRFLP  data  which  is  maximally 

622  related  to  a  weighted  linear  combination  of  the  explanatory  variables  (Legendre  and 

623  Legendre,  1998).  Analyses  were  performed  using  Brodgar  v. 2  (Highland  Statistics  LTD, 

624  Aberdeenshire,  UK). 

625 
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803 

804  Table  1.  Comparison  between  5  m  and  20  m  reef  depths  in  TRF  abundance,  averaged 

805  over  the  12  replicates  for  each  depth. 


TRF 

Mean  Abundance3 

5  m  20  m 

Mean  S,b 

!&,%c 

Probable 

Division-level  ID 

/tad -90 

28.97 

31.26 

2.21 

2.21 

Bacteroidetes 

MspI-438 

8.02 

22.42 

2.17 

4.38 

cx-proteobacteria 

C/oI-60 

5 

14.8 

2 

6.38 

a-proteobacteria 

MspI-149 

18.71 

7.15 

1.92 

8.3 

Cyanobacteria 

/tad-228 

14.68 

8.24 

1.87 

10.17 

Cyanobacteria 

C/oI-670 

13.72 

3.3 

1.68 

11.85 

Cyanobacteria 

/tad-58 

7.65 

10.23 

1.6 

13.45 

plastid/Plancto 

/tad -42 1 

3.97 

10.86 

1.55 

15 

a-proteo/Cyanobacteria 

Msp  1-450 

10.83 

6.68 

1.45 

16.45 

a-proteobacteria 

A/spI-504 

6.9 

1 1.51 

1.28 

17.73 

plastid/Cyanobacteria 

cfoi-m 

5.17 

5.61 

1.19 

18.92 

a-proteobacteria 

Msp\-9\ 

7.92 

4.85 

1.19 

20.1 1 

Bacteroidetes 

Cfo\-96 

7.26 

4.74 

1.18 

21.28 

Bacteroidetes 

Cfo\-2\2 

1  1.85 

15.17 

1.17 

22.46 

plastid 

MspI-495 

7.56 

6.94 

1.16 

23.62 

y-proteobacteria/plastid 

MspI-21 3 

0 

8.4 

1.15 

24.76 

CAB-II 

/tad-131 

4.05 

4.58 

1.1 1 

25.87 

Planctomycetacia 

C/ol-167 

3.7 

0.05 

1.04 

26.91 

CAB-I 

Rsal-Sl 

8.55 

0 

1.02 

27.93 

Bacteroidetes 

Cfol-5 14 

1.7 

4.03 

1 

28.93 

a-proteobacteria 

Qol-980 

3.86 

1.1 

0.99 

29.92 

N.I. 

Rsa[-154 

4.02 

1.73 

0.97 

30.89 

y-proteobacteria 

Mspl-501 

2.66 

0 

0.96 

31.84 

CAB-I 

C/oI-164 

3.9 

1.76 

0.92 

32.76 

N.I. 

/taI-3 12 

3.24 

1.42 

0.9 

33.66 

Bacteroidetes 

C/oI-512 

0.3 

3.63 

0.88 

34.55 

a-proteobacteria 

C/oI-908 

0.79 

2.97 

0.85 

35.39 

N.I. 

Qcd-1042 

5.93 

7.11 

0.83 

36.23 

N.I. 

MspI-146 

0 

7.39 

0.79 

37.02 

y-proteobacteria 

Cfol- 1050 

1.72 

2.2 

0.78 

37.79 

Plastid 

C/oI-340 

0.02 

6.27 

0.77 

38.57 

a-proteobacteria 

/tad-836 

2.3 

0.8 

0.72 

39.29 

a-proteobacteria 

Msp[-49\ 

1.5 

0.13 

0.69 

39.98 

Cyanobacteria 

806  a:  Mean  abundance  of  standardized  peak  height  for  each  enzyme. 

807  b:  Contribution  of  the  /th  species  to  mean  Bray-Curtis  dissimilarity  between  the  two  environments. 

808  c:  Cumulative  percentage  of  6,. 

809  d:  TRFs  not  identified  from  936  theoretical  digests  of  coral  associated  sequences. 

810 
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810 


81 1  Table  2.  Correlation  matrix  of  environmental  and  coral  physiologic  variables  used  in 

812  CCA. 


PAR 

SI5N 

6I3C 

Zoox-1 

Zoox-2 

Muc-1 

6i5N 

-0.12 

5ft 

***** 

5fC  5fC  5ft  5ft  5ft 

5ft  5ft  5fC  5fC  5fC 

5fc  5ft  5ft  5ft  5ft 

5i3C 

0.47 

-0.15 

5fc  5fC  5|C  5|C  5fc 

**  5ft  *  * 

5fc  5ft  5§t  5ft 

5fC  5fc  5ft  5fC  5fc 

Zoox- 1  * 

0.78 

-0.30 

0.35 

5fC  5(C  5fC  5{c  5fc 

5ft  5ft  5ft  5ft  5fc 

5ft  5ft  5ft  5ft  5ft 

Zoox-2§ 

0.06 

-0.35 

0.18 

0.06 

***** 

5{C  5{C  5ft  5ft  5ft 

Muc-1  + 

0.27 

0.26 

0.05 

0.17 

-0.03 

***** 

Muc-2¥ 

-0.31 

0.22 

-0.42 

-0.06 

0.14 

0.02 

8  1  3  First  NMDS  axis  describing  variation  in  zooxanthellae  communities. 

8  1 4  sSecond  NMDS  axis  describing  variation  in  zooxanthellae  communities. 
8  1  5  First  PCA  axis  (26%)  describing  variation  in  mucus  composition. 

816  ¥Second  PCA  axis  (15%)  describing  variation  in  mucus  compostition. 
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817  FIGURES 

818 

819  Figure  1  -  Schematic  cross-section  of  the  coral  holobiont  showing  the  potential 

820  mechanisms  by  which  the  coral,  symbiotic  algae,  bacteria  and  seawater 

821  environment  interact. 

822 

823  Figure  2  -  Map  of  Curayao,  Netherlands  Antilles,  in  the  southern  Caribbean  Sea.  The 

824  three  sites  chosen  for  this  project  are  distributed  along  the  leeward  coast  of 

825  the  island  as  indicated.  The  major  seaport  of  St.  Annabaai  and  the  urban 

826  center  of  Willemstad  are  shown.  Water  Plant  directly  down-current  from  St. 

827  Annabaai  is  the  most  environmentally  impacted  site.  Playa  Hundu  is  the  least 

828  impacted  site. 

829 

830  Figure  3  -  NMDS  ordination  of  Symbiodinium  communities  inhabiting  the  tissues  of  M. 

83 1  annularis  (n  =  36).  Ordination  based  on  the  Bray-Curtis  similarity  coefficient 

832  between  TRFLP  profiles  of  the  28S  rRNA  gene  of  Symbiodinium  digested 

833  with  the  Cfo\  enzyme.  (A)  Plot  showing  the  relative  similarity  of 

834  Symbiodinium  communites  from  5  m,  10  m  and  20  m.  (B)  Plot  showing  the 

835  relative  abundance  of  clade  B  TRF  QoI-137  mapped  on  the  ordination  of 

836  (A).  (C)  Plot  showing  the  relative  abundance  of  clade  C  TRF  C/bI-458 

837  mapped  on  the  ordination  of  (A).  (D)  Plot  showing  the  relative  abundance  of 

838  clade  C  TRF  C/bl-510  mapped  on  the  ordination  of  (A). 
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Figure  4  -  Pie  diagrams  illustrating  the  diversity  of  the  partial  16S  rRNA  bacterial 

sequences  comprising  clone  libraries  associated  with  M.  annularis  from  5  m, 

1 0  m  and  20  m  at  Playa  Hundu. 

Figure  5  -  Phylogenetic  consensus  trees  based  on  parsimony  analysis  of  nearly 

complete  16S  rRNA  gene  sequences.  (A)  Tree  showing  the  phylogentic 
grouping  of  CAB-I  and  Cyanobacteria  compared  to  other  well  know  bacterial 
reference  sequences.  (B)  Tree  showing  phylogentic  relationship  of  CAB-I  to 
representative  sequences  of  all  Cyanobacteria  and  plastids.  The  labeled  nodes 
represent  bootstrap  values  based  on  10,000  replicate  resamplings.  GenBank 
accession  numbers  are  shown  in  parentheses. 

Figure  6  -  NMDS  ordination  of  bacterial  communities  inhabiting  the  tissues  of  M. 

annularis  (n  =  36).  Ordination  based  on  the  Bray-Curtis  similarity  coefficient 
between  TRFLP  profiles  of  the  16S  rRNA  gene  of  bacteria  digested  with  the 
enzymes  Cfo\,  Msp\  and  Rsal.  (A)  Plot  showing  the  relative  similarity  of 
bacterial  communities  from  5  m,  10  m  and  20  m.  (B)  Plot  showing  the 
relative  abundance  of  CAB-1  TRF  C/oI-166  mapped  on  the  ordination  of  (A). 
(C)  Plot  showing  the  relative  abundance  of  BBD  cyanobacterium  CD1C1 1 
TRF  Rsal-228  mapped  on  the  ordination  of  (A).  (D)  Plot  showing  the  relative 
abundance  of  a-proteobacteria  TRF  MspI-436  mapped  on  the  ordination  of 
(A). 
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862  Figure  7  -  Ordination  biplot  of  36  coral  samples  of  M.  annularis  and  seven  environmental 

863  and  physiologic  explanatory  variables.  The  ordination  is  obtained  by 

864  canonical  correspondence  analysis  (CCA)  of  the  bacterial  community  TRFLP 

865  profdes  combined  with  the  explanatory  variables.  Together,  axis  1  and  axis  2 

866  account  for  10.56  %  of  the  variation  in  TRFLP  profiles.  Explanatory 

867  variables  are  described  within  the  text. 

868 
869 
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Supplemental  Material.  Mean  and  standard  deviations  of  environmental  and  coral  physiologic  variables  (monosaccharides  and 
amino  acids  as  molar  %). 
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Supplemental  Material.  Depth  distribution  and  theoretical  enzyme  digests  of  58  unique 
bacterial  sequences  (97%  similarity)  identified  from  tissues  of  M.  annularis. 
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Alphaproteobactcria 

10 

20 

15 

Alphaproteobactcna- 1 

DQ200416 

1 

0 

0 

60 

438 

825 

Alphaprotcobactcna-2 

DQ200435 

1 

0 

0 

91 

448 

127 

Alphaproteobacterin-3 

DQ200464 

1 

0 

0 

341 

159 

835 

Alphaprotcobacteria-4 

DQ20O478 

1 

0 

0 

60 

129 

117 

Alphaproieobacteria-5 

DQ200502 

0 

1 

0 

91 

86 

Alphaproieobactcria-6 

DQ200503 

0 

1 

0 

338 

127 

115 

Alphaproieobaetcria-7 

DQ200525 

1 

12 

4 

60 

436 

420 

Alphaproteobacteria-8 

DQ200566 

0 

0 

4 

510 

436 

1  15 

A  t  p  h  apro  teobac  ten  a-9 

DQ200545 

4 

5 

0 

709 

449 

57 

A  Iphapnoteobactena- 1 0 

DQ200606 

1 

0 

4 

60 

436 

419 

Alphaproteobactcna-1 1 

DQ200634 

0 

0 

2 

340 

162 

825 

Alphaprotcobacteria-1 2 

DQ200541 

0 

1 

1 

81 

149 

421 

Ractcroidctcs 

1 1 

22 

6 

Bacteroidcles- 1 

DQ20044 1 

1 

0 

0 

92 

87 

169 

Bacieroidctes-2 

DQ200466 

1 

0 

0 

87 

307 

Bacieroidetes-3 

DQ200554 

0 

1 

0 

97 

490 

85 

Bacieroidetes-4 

DQ200581 

0 

0 

1 

99 

94 

315 

Bacteroidetes-5 

DQ200421 

7 

17 

3 

95 

90 

129 

Bacteroidetes-6 

DQ200521 

0 

4 

0 

95 

90 

311 

Bacteroidetes-7 

DQ2  00630 

0 

0 

2 

371 

90 

129 

Bacteroideles-8 

DQ2  00448 

2 

0 

0 

98 

93 

316 

Cyanobacteria 

2 

0 

6 

Cyanobacteria- 1 

DQ200436 

1 

0 

0 

668 

490 

421 

Cyanobactena-2 

DQ200576 

0 

0 

4 

669 

158 

422 

Cyanobactcna-3 

DQ200614 

1 

0 

2 

226 

490 

412 

Deltaproteobacteria 

1 

0 

4 

Deltaproteobaclcna-  1 

DQ2  00431 

1 

0 

0 

93 

508 

46(i 

Deltaproteobactena-2 

DQ2  00595 

0 

0 

94 

509 

244 

Deltaproteobacteria-3 

DQ200572 

0 

0 

2 

60 

292 

488 

Firmicutes 

0 

0 

5 

Firrmcutes-1 

DQ20064I 

0 

0 

5 

238 

155 

486 

Gamma  pro  tcobacteria 

II 

4 

16 

Gammaproieohactcria-1 

DQ 2 004  42 

1 

0 

0 

570 

494 

882 

Gammaprotcobactena-2 

DQ200447 

1 

0 

0 

89 

505 

Gammaproteobacteria-3 

DQ200514 

0 

1 

0 

565 

79 

474 

Gammaproteobacteria-4 

DQ 2 005  20 

0 

1 

0 

210 

144 

881 

G  a  mmap  roteobacteria-5 

DQ200552 

0 

1 

0 

354 

486 

81 

G  am  maproteo  bacteria -6 

DQ200612 

0 

0 

1 

60 

452 

640 

Gammaproteobacicna-7 

DQ200646 

1 

0 

0 

89 

282 

G  a  mma  p  ro  t  eobac  t  eri  a-  8 

DQ200562 

0 

0 

6 

144 

24 

Gammaproteobacteria-9 

DQ200474 

8 

I 

3 

210 

493 

752 

Gammaproteobacteria- 1 0 

DQ200618 

0 

0 

5 

60 

486 

24 

G  am  map  ro  teobac  ten  a- 1 1 

DQ200557 

0 

0 

1 

Reverse 

CAB-1 

44 

22 
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ENVIRONMENTAL  CONTROLS  ON  CORALLITE  MORPHOLOGY  IN 
THE  REEL  CORAL  MONTASTRAEA  ANNULARIS 

James  S.  Klaus ,  Ann  F.  Budd ,  and  Bruce  W.  Fouke 

KLAUS  ET  AL.:  CONTROLS  ON  CORALLITE  MORPHOLOGY  IN  M.  ANNULARIS 
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ABSTRACT 


2  Scleractinian  reef-coral  species  display  high  phenotypic  plasticity  in  skeletal 

3  morphology.  Understanding  environmental  and  physiologic  controls  on  this  variation  in 

4  morphology  is  essential  in  explaining  the  distribution  and  abundance  of  coral  species  as 

5  well  as  understanding  the  susceptibility  of  coral  species  to  pollution  and  global  climate 

6  change.  Furthermore,  phenotypic  plasticity  provides  a  basis  for  delineating  species 

7  boundaries  and  interpreting  the  adaptive  significance  of  observed  morphologic 

8  differences  in  closely  related  taxa.  Here  we  assess  phenotypic  plasticity  in  the  corallite 

9  morphology  of  genetically  determined  colonies  of  Montastraea  annularis  (Ellis  and 

10  Solander,  1786),  analyzing  the  three-dimensional  morphology  of  calical  surfaces  and  the 

1 1  two-dimensional  corallite  morphology  represented  in  transverse  thin  sections.  Samples 

12  were  collected  along  gradients  of  seawater  depth  and  coastal  influence  on  the  island  of 

13  Cura9ao,  Netherlands  Antilles  and  additionally  compared  to  M.  annularis  and  two  closely 

14  related  species,  M.  franksi  (Gregory,  1895),  and  M.  faveolata  (Ellis  and  Solander,  1786), 

15  collected  from  Panama.  Significant  phenotypic  plasticity  was  found  between  seawater 

16  depths  and  localities  of  Cura9ao,  as  well  as  between  the  two  geographic  regions. 

17  Morphologic  characters  associated  with  calical  surfaces  were  significantly  more  plastic 

18  than  characters  preserved  in  transverse  thin  sections.  While  characters  preserved  in  thin 

19  section  were  more  successful  at  classifying  the  three  closely  related  species,  characters 

20  associated  with  calical  surfaces  provide  a  basis  for  interpreting  the  adaptive  significance 

21  of  the  observed  differences  between  these  three  species. 
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High  variability  in  skeletal  morphology  is  a  well  know  characteristic  of  scleractinian 
coral  species.  This  includes  variations  in  overall  colony  growth  form  (Goreau,  1963; 
Roos,  1967;  Dustan,  1975;  Veron  and  Pichon,  1976;  Jaubert,  1977;  Graus  and  Macintyre, 
1982;  Muko  et  ah,  2000;  Kaandorp  et  ah,  2005),  as  well  as  corallite  architecture  observed 
both  within  and  between  coral  colonies  (Foster,  1979a,  1980,  1983,  1985;  Budd,  1993; 
Budd  et  ah,  1994).  These  changes  in  skeletal  morphology  allow  corals  to  survive  in  a 
variety  of  environmental  conditions  (Porter,  1976;  Lasker,  1 981 ;  Lesser  et  ah,  1994; 
Kaandorp  et  ah,  2005),  and  can  influence  the  distribution,  abundance,  and  evolutionary 
success  of  a  species  (Foster,  1979b;  Jackson,  1979;  Johnson  and  Budd,  1995;  Klaus  and 
Budd,  2003).  Morphologic  variation  is  due  to  the  combined  effects  of  genetic 
polymorphism  and  phenotypic  plasticity.  However,  separating  the  individual  effects  of 
these  two  components  can  be  difficult  without  genetic  data  distinguishing  species  and 
populations  within  species  (Knowlton  and  Budd,  2001;  Budd  and  Pandolfi,  2004;  Fukami 
et  ah,  2004).  Moreover,  taxonomic  classifications  have  historically  underestimated  the 
number  of  species  within  many  common  coral  genera  (Knowlton  and  Budd,  2001). 

Given  the  tendency  for  closely  related  taxa  to  partition  themselves  along  environmental 
gradients,  failure  to  recognize  true  species  boundaries  has  led  authors  to  invoke  a  large 
degree  of  phenotypic  plasticity  to  explain  observed  morphologic  variations  along 
ecologically  meaningful  gradients  (e.g.  seawater  depth).  As  ongoing  molecular  and 
nontraditional  systematic  studies  continue  to  reveal  cryptic  species  (Weil  and  Knowlton, 
1994;  Carlon  and  Budd,  2002),  the  extent  of  plasticity  interpreted  within  coral  species 
will  likely  decline  (but  see  Miller  and  Benzie,  (1997)). 


2 


44  The  highly  plastic  nature  of  reef-corals  is  in  part  a  byproduct  of  the  coral  skeletogenic 

45  process.  Corals  calcify  a  hundred  times  faster  than  inorganic  calcification  on  the  reef,  yet 

46  exert  little  control  over  the  specific  shape  and  organization  of  their  skeletal  crystals 

47  (Cohen  and  McConnaughey,  2003).  Calcification  occurs  outside  of  the  coral  tissue  in  the 

48  space  adjacent  to  cells  of  the  calicoblastic  ectoderm  (Barnes  and  Chalker,  1990).  In  this 

49  space  corals  build  their  skeletons  primarily  from  sclerodermites,  three-dimensional  fans 

50  of  aragonite  similar  to  inorganically  precipitated  spherulitic  crystal  fibers  (Given  and 

51  Wilkinson,  1985;  Cohen  and  McConnaughey,  2003).  These  sclerodermites  combine  to 

52  form  trabeculae  which  themselves  combine  to  form  septa  and  the  other  skeletal  structures 

53  which  comprise  the  individual  corallites  of  a  colony. 

54  The  accretionary  growth  of  corals  has  been  subdivided  into  two  major  components, 

55  upward  linear  extension  and  skeletal  thickening  (Graus  and  Macintyre,  1982;  Barnes  and 

56  Lough,  1993;  Cohen  et  al.,  2004).  Upward  growth  has  been  shown  to  occur  primarily  at 

57  night  through  the  accretion  of  randomly-oriented  fusiform-shaped  crystals  (Barnes  and 

58  Crossland,  1980;  Gladfelter,  1982,  1983;  Vago  et  al.,  1997),  while  skeletal  thickening 

59  occurs  during  the  daytime  when  corals  exhibit  calcification  rates  three  to  five  times  faster 

60  in  the  presence  of  light  and  actively  photosynthsizing  symbiotic  algae  (zooxanthellae) 

61  (Barnes  and  Crossland,  1980;  Gladfelter,  1983;  LeTissier,  1988).  Variations  in  skeletal 

62  growth  have  been  correlated  with  light-mediated  photosynthesis  (Goreau,  1959; 

63  Vandermuelen  et  al.,  1972;  Chalker  and  Taylor,  1975;  Graus  and  Macintyre,  1982; 

64  Marubini  and  Thake,  1999;  Muko  et  al.,  2000;  Marubini  et  al.,  2002;  Kaandorp  et  al., 

65  2005),  turbidity  and  sediment  load  (Foster,  1979b;  Carricart-Ganivet  and  Merino,  2001), 

66  seawater  nutrients  (Edinger  et  al.,  2000;  Cook  et  al.,  2002),  hydrodynamics  (Jokiel,  1 978; 
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Bruno  and  Edmunds,  1998;  Kaandorp  et  al.,  2005),  and  temperature  (Dodge  and  Vaisnys, 
1975;  Lough  and  Barnes,  2000);  with  varying  degrees  of  influence  on  either  vertical 
extension  or  skeletal  thickening. 

In  the  present  study  we  explore  the  magnitude  and  nature  of  phenotypic  plasticity  in 
the  common  reef  building  coral  M.  annularis  along  gradients  of  seawater  depth  and 
coastal  influence  on  the  island  of  Curayao,  Netherlands  Antilles.  Curasao  is  an  especially 
conducive  natural  laboratory  for  this  study  (Fig.  1).  The  approximately  150,000  people 
living  on  Curasao  are  concentrated  in  the  capital  city  of  Willemstad,  surrounding  the 
natural  harbor  of  St.  Annabaai.  The  large  commercial  and  military  harbor  of  St. 
Annabaai,  and  the  urban  center  of  Willemstad  are  a  major  point  source  of  pollutants  such 
as  nutrients,  metals,  hydrocarbons  and  other  toxic  chemicals  (Gast,  1998).  Furthermore, 
the  island  is  surrounded  by  shallow  fringing  reefs  up  to  250  m  from  shore  where  a 
stepped  shelf  break  occurs  from  8-10  m  to  30-50  m  water  depth  (Van  Duyl,  1985).  These 
factors  provide  a  consistent  depth  and  environmental  impact  gradient  to  sample  along  the 
length  of  the  island. 

We  selected  M.  annularis  because  it  is  one  of  the  most  well  studied  reef-coral  species, 
and  it  clearly  demonstrates  the  problem  of  distinguishing  genotypic  versus  phenotypic 
variation.  Historically,  M  annularis  sensu  lato  was  considered  the  model  ecologic 
generalist,  exhibiting  a  high  degree  of  phenotypic  plasticity.  It  could  be  found  from 
intertidal  to  over  80  m  water  depth  (Goreau  and  Wells,  1967),  with  colony  morphologies 
varying  dramatically  from  hemispherical  heads  to  vertical  columns  and  horizontal  plates. 
Recent  taxonomic  studies  based  on  molecular  genetics,  aggressive  behavior,  ecology, 
growth  rate,  corallite  morphometries,  and  stable  isotopes  (Tomascik,  1990;  Knowlton  et 
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90  al.,  1992;  van  Veghel  and  Bak,  1993),  showed  that  M.  “annularis”  is  actually  a  complex 

91  of  at  least  three  species:  (1)  M.  annularis  sensu  strictu  (Ellis  and  Solander,  1786),  which 

92  forms  smooth  columns;  (2)  M.  faveolata  (Ellis  and  Solander,  1786),  which  forms  bumby 

93  or  keeled  heads  and  sheets;  and  (3)  M.  franksi  (Gregory,  1895),  which  forms  bumpy 

94  mounds  and  plates.  On  the  reefs  of  Curayao  M.  annularis  and  M.  faveolata  are  most 

95  common  between  1  m  and  20  m  while  M.  franksi  is  typically  found  at  depths  greater  than 

96  10  m  (Van  Veghel,  1994a).  Previous  studies  of  the  three  species  on  Curasao  have 

97  characterized  significant  differences  in  genetics,  as  well  as  reproductive,  behavioral,  and 

98  morphologic  aspects  (van  Veghel  and  Bak,  1993,  1994;  van  Veghel,  1994b;  van  Veghel 

99  and  Kahmann,  1994;  van  Veghel  and  Bosscher,  1995). 

100  Here  we  focus  on  the  corallite  morphology  of  genetically  determined  colonies  of  M. 

101  annularis  s.s.,  analyzing  the  three-dimensional  morphology  of  calical  surfaces  (Budd  and 

102  Klaus,  2001;  Knowlton  and  Budd,  2001 ;  Fukami  et  al.,  2004)  and  the  two-dimensional 

103  corallite  morphology  as  represented  in  transverse  thin  sections  (Budd  and  Klaus,  2001; 

104  Pandolfi  et  al.,  2002;  Klaus  and  Budd,  2003;  Budd  and  Pandolfi,  2004).  We  assess  four 

105  different  environmental  and  physiologic  factors  as  possible  causes  of  the  observed 

106  phenotypic  plasticity:  (1)  light  intensity  of  the  seawater  environment;  (2)  seawater 

107  pollution;  (3)  relative  photosynthetic  activity  of  zooxanthellae;  and  (4)  the  diversity  of 

108  zooxanthellae  communities. 

109  The  5i5N  of  coral  tissue  was  used  to  determine  the  relative  coral  uptake  of  sewage  at 

1 1 0  each  sampling  site.  Due  to  transformations  of  dissolved  inorganic  nitrogen  (DIN)  through 

1 1 1  ammonia  volatilization,  denitrification  of  nitrate,  and  nitrification  of  ammonia, 

1 12  wastewater  derived  from  sewage  treatment  plants  is  generally  enriched  in  the  heavy 
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1 13  isotope  of  nitrogen,  l3N  (Heikoop  et  al.,  1998,  2000a,  2000b).  Values  of  coral  tissue  6I  5N 

1 14  reflect  these  differences,  and  thus,  provide  a  means  for  relating  the  effect  of  pollution  on 

1 15  skeletal  morphology.  Previous  studies  of  Montastraea  sp.  have  shown  growth  rates  to  be 

1 16  reduced  in  polluted  reef  environments  (Tomascik,  1990). 

1 17  The  influence  of  photosynthetic  activity  on  skeletal  morphology  was  assessed  using 

118  the  5I3C  composition  of  coral  tissue.  Previous  studies  have  shown  values  of  6I3C  to 

1 19  reflect  the  relative  ratios  of  autotrophic  versus  heterotrophic  modes  of  coral  feeding 

120  (Heikoop  et  al.,  2000b;  Swart  et  al.,  2005).  Under  optimal  conditions  (e.g.  high  light 

121  intensitiy)  coral  tissue  6I3C  is  high  (-10%o  to  -14%o),  and  similar  to  those  of 

1 22  zooxanthellae.  In  environments  where  zoxanthellae  photosynthesis  is  reduced,  coral 

123  tissue  6I  3C  approaches  that  of  zooplankton  (-20%o),  the  coral  heterotrophic  food  source. 

124  A  similar  approach,  utilizing  the  metabolic  fractionations  of  6I3C  and  6lfiO  recorded  in 

125  the  coral  skeleton,  was  recently  used  to  show  the  influence  of  light-mediated 

1 26  photosynthesis  on  growth  forms  and  skeletal  chemistry  of  the  branching  coral  Madracis 

127  mirabilis  (Maier  et  al.,  2003;  Kaandorp  et  al.,  2005). 

128  In  addition  to  photosynthetic  activity,  we  assess  the  potential  influence  of  different 

1 29  communities  of  the  dinoflagellate  genus  Symbiodinium  (zooxanthellae)  on  coral  skeletal 

1 30  morphology.  The  current  taxonomy  of  Symbiodinium  is  divided  into  seven  clades  labeled 

131  A-G  (Baker,  2003).  These  clades  have  been  shown  to  vary  with  environmental 

132  conditions  (Rowan  and  Knowlton,  1995;  Rowan  et  al.,  1997;  Baker,  2001)  and  possess 

133  unique  physiologic  characteristics  (Chang,  1983;  Iglesias-Prieto  and  Trench,  1997; 

134  Banaszak  et  al.,  2000;  Little  et  al.,  2004).  While  it  is  well  established  that  coral 

1 35  skeletogensis  is  enhanced  in  the  presence  of  zooxanthellae;  the  influence  of  different 
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136  symbiont  taxa  on  skeletogenesis  is  currently  unknown.  Communities  of  zooxanthellae 

137  were  characterized  by  analyzing  terminal  restriction  fragment  length  polymorphisms  (T- 

1 38  RFLP)  of  28S  rRNA  genes  for  Symbiodinium. 

139  Lastly,  we  assess  the  extent  to  which  phenotypic  plasticity  observed  along  the  sampled 

140  environmental  gradients  obscures  species  boundaries  within  the  M.  " annularis  ”  species 

141  complex.  Species  of  M.  annularis- like  corals  have  been  common  in  the  Caribbean  for  the 

142  past  22  million  years  (Budd,  2000;  Knowlton  and  Budd,  2001)  and  preliminary  studies 

143  indicate  a  diverse  and  complex  evolutionary  history  during  this  time  (Budd,  1991;  Budd 

144  and  Klaus,  2001;  Klaus  and  Budd,  2003;  Budd  and  Pandolfi,  2004).  Understanding  how 

145  environmental  factors  affect  species  boundaries  is  essential  to  accurately  interpret  the 

146  complex  evolutionary  history  of  this  group.  To  determine  the  extent  to  which  phenotypic 

147  plasticity  obscures  taxonomic  identification,  corals  collected  from  Curasao  were 

148  compared  to  colonies  of  M.  annularis,  M.  faveolata,  and  M.  franksi,  collected  from  the 

149  San  Bias  and  Bocas  del  Toro  regions  of  Panama,  which  were  identified  based  on  genetic 

150  analyses. 

151 


7 


151 


Materials  and  Methods 


152  Coral  Sampling 

153  To  assess  the  effect  of  seawater  depth  and  local  environmental  variation  on  the 

154  corallite  morphology  of  M.  annularis,  small  colony  fragments  were  collected  at  5  m,  10 

155  m,  and  20  m,  at  five  localites  along  the  leeward  coast  of  Curasao,  Netherlands  Antilles; 

156  (1)  Jan  Thiel  approximately  8  km  upcurrent  of  the  seaport,  (2,3)  Boca  Simon  and  Water 

1 57  Plant,  immediately  adjacent  to  the  seaport  and  large  urban  center  of  Willemstad,  and  (3,4) 

158  Snake  Bay  and  Playa  Hundu,  approximately  9  and  32  km  downcurrent  respectively 

159  (Fig.  1).  Four  healthy  colonies  of  M.  annularis  were  sampled  from  each  depth  at  each 

160  locality.  Colony  fragments  were  dried  for  three  days  at  35°C  to  preserve  tissues  for 

161  subsequent  isotopic  analyses. 

162  At  Jan  Thiel,  Water  Plant,  and  Playa  Hundu,  tissue  samples  for  molecular  analyses 

1 63  were  collected  from  the  upper  surface  of  each  colony  by  removing  a  2  cm  by  2  cm 

164  portion  of  the  uppermost  1  cm  of  the  coral  colony  with  a  clean  chisel  and  placing  the 

165  sample  in  a  sterile  50  ml  centrifuge  tube.  Upon  returning  to  the  shore,  the  seawater 

166  within  each  tube  was  decanted,  coral  samples  were  immersed  in  80%  ethanol,  and 

167  crushed  and  homogenized,  creating  a  slurry  of  coral  tissue,  zooxanthellae,  mucus, 

168  microorganisms,  and  skeletal  material. 

169 

1 70  Explanatory  Variables  of  Skeletal  Morphology 

171  Measurements  of  temperature  and  photosynthetically  active  radiation  (PAR)  were 

1 72  taken  at  each  depth  of  each  reef  locality  at  noon  on  a  normal  sunny  day.  Measurements 

173  of  PAR  were  obtained  using  a  LI- 1 92  light  sensor  connected  to  the  LI- 1 000  data  logger 
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174  (LI-COR  Biosciences,  Lincoln,  NE).  PAR  measurements  typically  have  ±  5% 

175  uncertainty.  Ten  measurements  were  collected  at  each  depth  at  each  locality  and  are 

1 76  presented  as  the  percentage  of  the  mean  surface  PAR. 

177 

178  Coral  tissue  8i5N  and  Si3C 

179  The  6I5N  and  SI3C  of  36  coral  tissue  samples  were  determined  by  removing  an  area  of 

1 80  tissue  approximately  25  cm2  from  the  upper  growth  surface  of  each  colony  using  a  small 

181  clean  microdrill.  Samples  were  then  decalcified  using  1  N  hydrochloric  acid,  rinsed  in 

182  distilled  water,  and  dried  using  a  Vacufuge  Concentrator  5301  (Eppendorf,  Westbury, 

1 83  N.Y.).  Thus  all  samples  contain  a  combination  of  host  coral  tissue  and  zooxanthellae. 

1 84  Samples  (0.5  to  1 .0  mg)  were  analyzed  in  continuous  flow  mode  utilizing  a  Eurovector 

1 85  Elemental  analyzer  coupled  to  a  Micromass  Isoprime  mass  spectrometer  located  in  the 

186  Department  of  Earth  and  Environmental  Science  at  Los  Alamos  National  Laboratory. 

187  Typical  precision  for  6I5N  based  on  replicates  of  coral  tissue  samples  and  in  house  coral 

188  tissue  standards  was  <0.2 l%o  (la).  Values  were  calibrated  using  in-house  standards 

1 89  including  deep-sea  coral  tissues  (Heikoop  et  al.,  2002)  that  were  originally  analyzed  in 

190  the  laboratory  of  Zachary  Sharp  at  the  University  of  New  Mexico  and  calibrated  against 

191  IAEA-N3  and  USGS  RSIL  N1 1  potassium  nitrate  standards.  To  eliminate  any  systematic 

192  changes  in  8I5N  due  to  light-mediated  fractionation,  the  SI5N  values  used  in  statistical 

1 93  analyses  were  transformed  into  the  deviation  from  the  mean  SI5N  at  each  of  the  three 

194  depths  sampled. 

195 

196 
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Characterization  of  zooxanathellae  communities 


Communities  of  Symbiodinium  associated  with  M.  annularis  were  characterized  using 
a  combined  approach  of  T-RFLP  and  sequencing  of  clone  libraries  to  taxonomically 
identify  terminal  restriction  fragments  (T-RFs).  The  UltraClean  Soil  DNA  Kit  (Mo  Bio, 
Solana  Beach,  CA)  was  used  to  extract  genomic  DNA  from  coral  slurries.  To  perform 
the  extraction,  2  ml  of  sample  was  concentrated  via  centrifugation,  resuspended  in  300  pi 
of  MicroBead  solution,  and  prepared  as  recommended  by  the  manufacturer.  Genes 
encoding  for  28S  rDNA  were  amplified  with  a  Mastercycler  gradient  thermocycler 
(Eppendorf)  by  PCR  using  primers  specific  for  Symbiodinium.  Primers  used  in  the  PCR 
amplifications  of  Symbiodinium  were  lsu-UFPl  (5’- 
CCCGCTAATTTAAGCATATAAGTA),  and  Isu-URPl  (5’- 

GTTAGACTCCTTGGTCGTGTTTCA)  (Integrated  DNA  Technologies,  Coralville,  IA) 
(Zardoya  et  al.,  1995;  van  Oppen  et  al.,  2001).  For  T-RTLP  analysis  primer  lsu-UFPl 
was  labeled  at  the  5’  end  with  phosphoramidite  fluorochrome  6-carboxyfluorescein  (6- 
FAM).  The  PCR  profile  was:  one  cycle  of  4  min  at  94°C,  35  cycles  of  30  sec  at  94°C,  30 
sec  at  60°C  and  90  sec  at  72°C,  followed  by  5  min  at  72°C. 

Symbiodinium  clone  libraries  were  constructed  for  one  colony  at  5  m,  10  m,  and  20  m 
from  Playa  Huudu.  Clones  were  screened  for  the  presence  of  the  insert  and  forward 
orientation  by  PCR  using  plasmid  primer  T7  and  lsu-URPl .  Clone  libraries  were 
additionally  screened  by  RFLP  using  Cfo\  and  Mspl  to  maximize  the  number  of  unique 
clones  for  sequencing.  Inoculating,  culturing,  prepping  and  sequencing  were  performed 
in  the  High  Throughput  Laboratory  of  the  University  of  Illinois  W.  M.  Keck  Center  for 
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219  Comparative  and  Functional  Genomics.  Sequencing  was  performed  on  a  3730XL 

220  capillary  sequencer  (Applied  Biosystems). 

221  For  T-RFLP,  restriction  digests  were  performed  using  the  enzyme  Cfo\.  For  each 

222  digest  eight  microliters  of  purified  PCR  product  was  digested  with  10  U  of  restriction 

223  enzyme  in  a  total  volume  of  20  pi.  Incubation  was  done  at  37°C  for  9  h  followed  by  15 

224  min  at  65°C  to  denature  the  restriction  enzyme.  The  precise  length  of  T-RFLP  fragments 

225  was  determined  by  multicapillary  electrophoresis  with  a  model  3730XL  capillary 

226  sequencer  (Applied  Biosystems).  See  Klaus  et  al.  {submitted)  for  specific  run 

227  parameters.  Sample  versus  T-RFLP  peak  data  matrices  were  constructed  using  peaks 

228  above  a  threshold  of  50  units  above  background.  Peaks  smaller  than  50  base  pairs  (bp) 

229  and  larger  than  1050  bp  were  culled  from  the  data  set.  Aligned  peaks  were  placed  into 

230  bins  typically  less  than  two  base  pairs.  Abundance  data  was  obtained  from  the  relative 

231  peak  height  following  sample  standardization  (Blackwood  et  al.,  2003).  Variation  in 

232  Symbiodinium  communities  was  assessed  by  nonmetric  multidimensional  scaling  of  the 

233  Bray-Curtis  similarity  index,  and  statistical  tests  using  the  ANOSIM  procedure  of  the 

234  Primer  5  v.  5.2.9  statistiscal  package  (Primer-E,  Plymouth,  UK). 

235 

236  Amplified  fragment  length  polymorphisms  (AFLP) 

237  Coral  colonies  sampled  from  Jan  Thiel,  Water  Plant  and  Playa  Hundu  were  genotyped 

238  for  three  loci  previously  shown  to  distinguish  species  of  the  M  “annularis"  species 

239  complex  (Fukami  et  al.  2004).  The  920/880  locus  (Lopez  et  al.,  1999)  was  amplified  by 

240  PCR  using  primers  (8800  CCC  TGA  TCA  GTA  TTT  TGGG,  and  (880r)  GGA  GGG 

241  CTC  TGT  TAT  TCT  ATC  (Integrated  DNA  Technologies).  The  500/null  locus  (Fukami 
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et  al.  2004)  was  amplified  with  primers  (5000  GCC  TTG  GTT  GAT  TCT  GAA  ATT  CG 
and  (500r)  AGA  TCG  AAT  TAT  ACA  CCC  ACC  CA.  The  410/430/450  locus  was 
amplified  with  primers  (41  Of)  GAT  TCA  TCC  CGC  TGT  CAA  AGA,  and  (41  Or)  GCC 
AAC  CAC  AGA  CAG  AGC  GGA.  PCR  was  performed  using  a  reaction  mixture  of  0.2 
mM  of  each  deoxynucleoside  triphosphate  (Promega,  Madison,  WI),  200  ng  each  of  the 
forward  and  reverse  primers,  0.5  to  10  pi  of  the  sample  preparation,  IX  Taq  Master,  IX 
Taq  Buffer  (50mM  KCI,  lOmM  Tris-HCl  pH  8.3,  1.5  mM  Mg(OAc)2)  and  water  to  bring 
the  total  volume  to  50  pi.  The  PCR  profile  was  30  sec  at  94°C,  45  sec  at  65°C,  and  60  sec 
at  72°C  for  30  cycles.  Band  patterns  of  the  PCR  products  were  observed  using  6% 
acrlyamide  gels. 

Morphologic  Analyses 

To  analyze  differences  in  corallite  morphology  among  colonies,  we  digitized  three- 
dimensional  Cartesian  coordinates  (x-y-z)  of  25  landmarks  on  calical  surfaces  (Fig.  2a) 
using  a  reflex  microscope.  The  landmarks  consisted  of  spatially  homologous  points 
designed  to  reflect  the  shape  of  the  septal  margin  (the  uppermost  growing  edge)  and 
costal  extensions  between  corallites.  Three  adjacent  costosepta  were  digitized  on  six 
mature  calices  on  the  top  of  each  colony.  Size  and  shape  coordinates  (Bookstein  1991) 
were  calculated  from  the  data  using  the  computer  program  GRJF-ND  (Generalized 
rotational  fitting  of  n-dimensional  landmark  data,  1994,  written  by  Dennis  E.  Slice, 
available  at  http://  life.bio.sunysb.edu/morph/).  Centroid  size  was  calculated  by  summing 
the  squared  distances  from  each  of  the  25  landmarks  to  a  common  centroid.  Shape 
coordinates  were  calculated  using  23  triangles  formed  by  triplets  of  the  25  points,  in 
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265  which  the  same  pair  of  landmarks  (#25,  #10)  served  as  a  fixed  x-y  baseline  positioned  at 

266  coordinates  (0,  0)  and  (1,0)  within  a  plane  oriented  relative  to  the  highest  point  (#12)  in 

267  the  z  dimension  (i.e.,  the  z-coordinate  of  #12  =  0).  The  23  triangles  were  translated, 

268  rotated,  and  rescaled  relative  to  the  baseline.  Calculation  of  shape  coordinates  in  three 

269  dimensions  involves  translation  of  the  triangle  so  that  one  vertex  lies  on  the  origin,  rigid 

270  rotation  and  scaling  about  the  y  and  z  axes  so  that  a  second  point  is  coincident  with  (1,0, 

271  0),  and  rotation  about  the  x  axis  to  place  the  third  point  in  the  first  quadrant  of  the  x-y 

272  plane.  The  x-y-z  coordinates  of  the  23  unfixed  third  points  (three  coordinates  x  23  points 

273  =  69;  69  minus  the  z  dimension  for  #12  =  68  total),  termed  “shape  coordinates,’’  served 

274  as  variables  in  subsequent  statistical  analyses. 

275  To  characterize  differences  in  the  corallite  wall  architecture  and  thickening  of  skeletal 

276  structures  two-dimensional  morphologic  features  were  similarly  measured  in  transverse 

277  thin  sections.  We  began  by  digitizing  27  landmarks  on  mature  corallites  as  shown  in 

278  Figure  2b.  Data  were  collected  on  six  corallites  from  the  upper  portion  of  the  same  60 

279  colonies  used  in  the  three-dimensional  analyses.  Size  and  shape  coordinates  were 

280  calculated  for  the  two-dimensional  data  using  the  baselines  formed  by  points  (#1,  #10) 

281  and  (#1,  #12)  using  the  Integrated  Morphometries  Package  (IMP) 

282  (http://www2.canisius.edu/~sheets/morphsoft.html). 

283  The  three-dimensional  and  two-dimensional  datasets  were  analyzed  independently  by 

284  canonical  discriminant  analyses  using  SPSS  10.0  (SPSS  Inc.,  Chicago,  IL),  and 

285  redundancy  analysis  using  Brodgar  v.  2  (Highland  Statistics  Ltd,  Aberdeenshire,  UK). 

286 
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RESULTS 


286 

287  Environmental  and  Physiologic  Variables 

288  During  the  month  of  July,  2004  seawater  temperatures  between  5  m  and  20  m  water 

289  depth  were  consistently  27.5  ±  0.5°C  at  Jan  Thiel,  Water  Plant  and  Playa  Hundu.  Light 

290  levels  at  these  sites  varied  between  33%  and  36%  surface  PAR  at  5  m,  1 8%  and  22%  at 

291  10  m,  and  9%  and  1 1  %  at  20  m  (Fig.  3a).  While  depth  profiles  of  PAR  appear  similar  at 

292  each  locality,  Kruskal-Wallis  statistical  tests  indicate  significant  differences  in  PAR 

293  between  localities  at  both  10  m  and  20  m  water  depth  (5  m  Chi-square  =  3.361,  d.f.  =  2,  p 

294  —  0. 1 86;  10m  Chi-square  =  1  1 .735,  d.f.  =  2,  p  =  0.003;  20  m  Chi-square  =  20.534,  d.f.  = 

295  2,  p  =  0.000). 

296  Coral  tissue  6I5N  was  approximately  1.5%o  higher  at  Jan  Thiel  and  Water  Plant,  the 

297  two  eastern  and  more  urban  localities  compared  to  Playa  Hundu  (Fig.  3b).  This  is 

298  supported  by  Kruskal-Wallis  statistical  tests  indicating  significant  differences  in  5I5N 

299  between  reef  sites  compared  across  water  depth  (5  m  Chi-square  =  6.5,  d.f.  =  2,  p  = 

300  0.039;  10  m  Chi-square  =  9.269,  d.f.  =  2,  p  =  0.010;  20  m  Chi-square  =  6.00,  d.f.  =  2,  p  = 

301  0.050).  These  results  suggest  higher  portions  of  sewage  in  reef  seawater  adjacent  to  the 

302  population  center  of  Willemstad.  No  significant  differences  in  coral  tissue  SI5N  were 

303  detected  between  the  different  depths  sampled  at  each  locality  (.IT  Chi-square  =  1.43,  d.f. 

304  =  2,  p  =  0.491;  WP  Chi-square  =  1.654,  d.f.  =  2,  p  =  0.437;  PH  Chi-square  =  1.283,  d.f.  = 

305  2,  p  =  0.526). 

306  With  the  exception  of  the  20  m  samples  from  Playa  Hundu,  mean  values  of  coral 

307  tissue  Si3C  show  a  decreasing  trend  with  increasing  water  depth  (Fig.  3c).  At  Jan  Thiel 

308  and  Water  Plant  values  of  6I3C  shift  as  much  as  1 .5  %o  more  negative.  This  trend  suggests 
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309  reduced  photosynthetic  activity  of  zooxanthellae  under  the  lower  light  conditions  found 

310  at  deeper  seawater  depths  (Heikoop  et  al.,  2000b;  Swart  et  ah,  2005).  Despite  this 

31 1  general  trend,  a  significant  difference  in  coral  tissue  8nC  between  water  depths  was 

312  found  only  at  Jan  Thiel  (JT  Chi-square  =  6.282,  d.f.  =  2,  p  =  0.043;  WP  Chi-square  = 

313  2.094,  d.f.  =2,  p  =  0.351;  PH  Chi-square  =  0.589,  d.f.  =  2,  p  =  0.745).  Similarly,  while 

314  values  of  §I3C  appear  to  vary  between  localities,  no  significant  differences  in  5I3C  were 

3 1 5  found  between  reef  localities  (JT,  WP,  PH)  compared  at  each  water  depth  (5  m  Chi- 

316  square  =  3.310,  d.f.  =  2,  p  =  0.191;  10  m  Chi-square  =  2.337,  d.f.  =  2,  p  =  0.126;  20  m 

3 1 7  Chi-square  =  6.00,  d.f.  =  2,  p  =  0. 1 74). 

3 1 8  Analysis  of  RFLP  banding  patterns  in  clones  obtained  from  Symbiodinium  sampled  at 

319  5  m  (n  =  74),  10  m  (n  =  75)  and  20  m  (n  =  90)  yielded  10  unique  ribotypes.  Phylogentic 

320  analysis  of  multiple  sequenced  clones  from  each  ribotype  revealed  that  all  sequenced 

321  clones  belonged  to  either  clade  B  or  C  of  the  seven  clades  reviewed  in  Baker  (20030. 

322  Sequences  from  the  colony  sampled  at  5  m  belonged  primarily  to  clade  B,  while 

323  sequences  from  10  m  and  20  m  were  all  clade  C.  T-RJFLP  profiles  of  the  28S  rRNA  gene 

324  of  Symbiodinium  digested  with  the  Cfo\  enzyme  were  used  to  characterize  differences  in 

325  Symbiodinium  communities  for  the  36  colonies  sampled.  Ordination  based  on  these  T- 

326  R_FLP  profiles  shows  significant  relative  differences  in  Symbiodinium  communites  from  5 

327  m  versus  those  from  10  m  and  20  m  (Fig.  4a).  This  is  further  supported  by  the  ANOSIM 

328  statistical  test  for  differences  between  depths  (5  m  vs.  1 0  m  r  =  0.  535,  p  =  0.00 1 ;  5  m  vs. 

329  20  m  r  =  0.784,  p  =  0.001;  10  m  vs.  20  m  r  =  0.058,  p  -  0.074).  The  T-RPLP  peaks  most 

330  important  in  distinguishing  the  communities  of  different  depths  included  cfo\- 1 37,  cfol- 

33 1  458,  and  cfo\-S  1 0.  The  relative  abundance  of  these  peaks  within  the  36  colonies  is 
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illustrated  in  Figure  4b-d.  By  comparing  the  peak  sizes  to  theoretical  enzyme  digests  of 
the  sequenced  clones,  it  was  determined  that  c/bl-137  is  affiliated  with  clade  B,  and 
dominates  in  shallow  water,  while  cydI-458,  and  c/ol-510  are  affiliated  with  clade  C,  and 
are  more  common  at  10  m  and  20  m.  Through  comparison  with  sequences  downloaded 
from  the  NCBI  database,  T-RF  peak  c/cd-149  was  found  to  be  affiliated  with 
Symbiodinium  clade  A,  and  more  common  in  shallow  water  samples. 

AFLP  Markers 

Genotyping  of  visually  identified  colonies  of  M.  annularis  from  Curayao  revealed  a 
similar  genetic  pattern  to  those  obtained  from  previous  studies  in  Panama  and  the 
Bahamas  (Fukami  et  al 2004)  (Fig.  5).  Based  on  the  920/880,  500/null,  and 
410/430/450  AFLP  markers  over  75%  of  the  sampled  colonies  displayed  the  common 
AAA  (920/500/410)  geonotype  of  M.  annularis.  While  the  AFLP  genotypes  for  the 
remaining  25%  do  not  reflect  fixed  allele  differences  between  species,  they  are  not 
inconsistent  with  these  colonies  being  identified  as  M.  annularis.  Furthermore,  these 
genotypes  do  not  appear  to  show  any  patterns  of  occurrence  with  either  depth  or  locality. 
Unlike  previous  studies  in  Panama  and  the  Bahamas,  two  colonies  did  display  the  most 
common  FI  genotype  for  hybrids  between  M.  annularis  and  M.  faveolata  ((A/B)(A/B)A). 

3-D  Morphometric  Analyses 

Canonical  discriminant  analysis  (CDA)  was  performed  to  test  for  morphologic 
plasticity  in  the  three-dimensional  corallite  architecture  of  M.  annularis  associated  with 
differences  in  seawater  depth  and  location  along  the  Curasao  reef  tract.  To  reduce  the 
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355  number  of  redundant  variables,  statistical  analyses  were  performed  using  14  3- 

356  dimensional  shape  variables  (of  the  69  that  were  calculated)  previously  used  to 

357  distinguish  the  three  modem  species  within  the  complex  in  Panama  (Budd  and  Klaus, 

358  2001).  These  size  and  shape  coordinates  consist  of  measures  of  the  heights,  and  lengths, 

359  of  individual  septa  or  costae  (Fig.  2). 

360  To  test  for  morphologic  differences  due  to  seawater  depth,  CDA  was  performed  with  a 

361  priori  groups  defined  by  the  three  sampling  depths  (5  m,  10  m,  20m).  Significant 

362  differences  (Wilks’  Lambda  0.239,  Chi-square  72.214,  df  28,  P  <  0.000)  were  detected 

363  along  the  first  discriminant  axis  comparing  the  20  samples  from  each  depth  (Fig.  6a; 

364  Appendix  1).  Along  this  axis  a  gradation  emerged  from  samples  collected  at  5  m  to 

365  samples  collected  at  20  m.  Discrimnant  axis  1  describes  92%  of  the  variation  between 

366  the  60  colonies  of  M  annularis  and  shows  a  strong  positive  correlation  to  variables 

367  associated  with  septum  height  (Y3,  Y4,  Y18,  Y19),  costa  length  (X4),  septum  length 

368  (XI 5,  X23),  and  wall  thickness  (XI 4).  The  overall  morphologic  change  associated  with 

369  decreasing  water  depth  can  be  visualized  in  the  consensus  configurations  of  the  primary 

370  septum  for  each  depth  (Fig.  7). 

371  To  test  for  morphologic  differences  between  localities,  CDA  was  performed  with  a 

372  priori  groups  defined  by  localities  (Fig.  1).  Significant  differences  were  detected  along 

373  the  first  two  discriminant  axes  comparing  the  12  colonies  sampled  at  each  locality  (Fig. 

374  6b;  Appendix  2).  Axis  1,  describing  41%  of  the  variance,  distinguishes  colonies  sampled 

375  at  Boca  Simon  and  Playa  Hundu,  from  those  sampled  at  Water  Plant  and  Snake  Bay. 

376  This  axis  is  correlated  with  septum  height  (Y19),  and  septum  length  (X23,  X7).  Axis  2 

377  describes  38%  of  the  variance  and  distinguishes  colonies  sampled  at  Jan  Thiel  from  those 
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sampled  at  the  other  four  localities.  This  axis  is  most  strongly  correlated  with  C-size  and 
the  relative  development  of  major  versus  minor  costae  (XI 6).  Given  that  colonies 
sampled  from  Boca  Simon  (immediately  adjacent  to  the  seaport)  and  Playa  Hundu  (32 
km  downcurrent)  plot  virtually  on  top  of  each  other,  the  morphologic  differences  between 
localities  do  not  appear  to  be  related  to  the  seaport  or  urban  center  of  Willemstad. 

Redundancy  analysis  (RDA)  was  used  to  assess  four  environmental  and  physiologic 
factors  thought  to  be  important  in  explaining  the  morphologic  plasticity  observed  along 
the  coastal  and  seawater  depth  gradients  of  Curayao.  In  RDA  each  canonical  ordination 
axis  corresponds  to  a  direction  in  the  multivariate  scatter  of  morphologic  variables  that  is 
maximally  related  to  a  linear  combination  of  the  explanatory  variables.  Five  explanatory 
variables  are  included  in  our  analyses:  (1)  the  %  noon-time  surface  PAR  (light);  (2)  coral 
tissue  6I5N  (sewage  indicator);  (3)  coral  tissue  SI3C  (autotrophy:heterotrophy);  (4)  Zoox- 
1  (the  first  MDS  axis  of  Symbiodinium  communities  (Fig.  4)),  and  5)  Zoox-2  (the  second 
MDS  axis  of  Symbiodinium  communities).  The  cross-correlations  between  explanatory 
variables  are  shown  in  Table  2.  Significant  correlations  were  detected  between  PAR  and 
Zoox-1  as  well  as  PAR  and  6I3C. 

Minimal  differences  were  found  between  RDA  analyses  performed  using  colonies  of 
M.  annularis  from  all  AFLP  genotypes  versus  those  limited  to  the  AAA  genotype.  We 
present  our  results  based  on  the  complete  dataset.  Combined,  the  five  explanatory 
variables  explain  41 . 1%  of  the  variation  observed  in  the  14  morphological  variables  (Fig. 
8a,  see  Table  3  for  numerical  output).  Of  this,  93  %  could  be  explained  by  the  first  two 
axes  of  the  resulting  RDA  biplot  (axis  1  =  35%,  axis  2  =  6%).  Furthermore,  Monte  Carlo 
significance  tests  of  all  canonical  axes  reveal  a  highly  significant  effect  due  to  the 
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401  combined  environmental  and  physiologic  variables  (F  =  A. 112,  P  =  0.001).  Forward 

402  selection  tests  for  explanatory  variables  show  that  no  significant  amount  of  variance  is 

403  explained  by  adding  variables  in  addition  to  PAR,  and  the  6I3C  of  coral  tissue  (Table  4). 

404  PAR  is  by  far  the  strongest  explanatory  variable,  independently  accounting  for  77%  of 

405  the  variation  explained  in  the  RDA  analysis.  The  strong  correlation  of  the  three- 

406  dimensional  morphologic  variables  with  PAR  is  demonstrated  by  the  clustering  of 

407  samples  from  each  depth  along  axis  1 .  Furthermore,  a  biplot  of  the  14  morphologic 

408  variables  against  the  six  explanatory  variables  (Fig.8b)  shows  that  nearly  all  three- 

409  dimensional  morphologic  variables  are  positively  correlated  with  PAR.  Zoox-1, 

410  generated  from  Symbiodinium  community  data,  was  also  strongly  correlated  to  axis  1  and 

41 1  explained  a  large  percentage  of  the  variation  (48%).  Given  the  strong  correlation 

412  between  PAR  and  Zoox-1,  it  is  difficult  to  determine  how  much  each  factor  contributes  to 

413  the  observed  morphologic  variations.  The  variance  explained  by  coral  tissue  SI3C  does 

414  not  appear  to  be  strongly  related  in  either  seawater  depth  or  locality.  Based  on  partial 

415  correlations  between  6I3C  and  all  14  morphologic  variables  while  controlling  for  PAR, 

416  four  variables  were  identified  as  being  significantly  correlated  to  values  of  coral  tissue 

417  SI3C.  These  included:  Y4  (r  =  -0.3908,  p  =  0.020)  and  Y19  (r  =  -0.5356,  p  =  0.001),  the 

418  heights  of  the  primary  and  secondary  septa;  XI 1  (r  =  0.4197,  p  =  0.012),  the  development 

419  of  the  minor  costae,  and  XI 6  (r  =  -0.3729,  p  -  0.027),  the  relative  development  of  major 

420  versus  minor  costae.  The  negative  correlation  of&l3C  with  Y4  and  Y19  was  somewhat 

421  surprising.  This  suggests  a  greater  height  of  the  primary  and  secondary  septa  under 

422  conditions  of  reduced  photosynthetic  activity. 

423  To  determine  the  extent  to  which  the  observed  variations  in  calice  topography  obscure 
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taxonomic  boundaries,  colonies  of  M  annularis  from  Curacao  were  compared  to 
genetically  determined  colonies  of  M.franksi,  M.  faveolata,  and  M.  annularis  collected  at 
approximately  10  m  water  depth  in  Panama  (Budd  and  Klaus,  2001;  Knowlton  and  Budd, 
2001 ;  Fukami  et  al.,  2004).  CDA  comparisons  were  first  made  using  the  same  14  3- 
dimensional  morphologic  variables  and  six  a  priori  groups;  the  three  genetically 
determined  species  from  Panama,  and  the  three  sampling  depths  on  Curacao.  Results 
show  distinct  separation  of  the  three  species  of  Panama,  and  distinct  separation  of  the  two 
geographic  regions;  Curacao  and  Panama  (Fig.  9a;  Appendix  3).  While  three  significant 
discriminant  axes  were  found,  the  first  two  axes  explain  85.5  %  of  the  total  variation. 
Discriminant  axis  1  (49%)  separates  the  Curacao  samples  from  the  three  species  of 
Panama,  and  is  strongly  correlated  to  variables  associated  with  vertical  septal  extension 
(Y4,  Y3,  Y19,  Y18).  Samples  from  Curacao,  in  general  have  greater  septal  heights  than 
colonies  collected  from  Panama  regardless  of  species.  Differences  between  the  three 
species  from  Panama  are  primarily  separated  along  discriminant  axis  2  (36.3%),  and  are 
most  strongly  correlated  to  Csize  and  variables  associated  with  wall  thickness  (XI 4), 
septum  length  (X7,  X 1 5),  relative  development  of  major  versus  minor  costae  (X 1 ,  X 1 6), 
and  costae  length  (XI 9).  If  the  discriminant  analysis  is  limited  to  just  these  seven 
characters  unrelated  to  septal  extension,  we  see  that  while  the  three  Panama  species  are 
still  distinguished,  the  Curacao  samples  form  a  gradient  that  overlaps  and  bridges  the  gap 
between  M.  annularis  and  M  franksi  (Fig.  9b;  Appendix  4).  Axis  1  (70.4%)  is  strongly 
correlated  to  wall  thickness  (XI 4)  and  Csize  while  axis  2  (20.1%)  is  strongly  correlated 
to  costae  length  (XI 9)  and  septum  length  (XI 5). 

Samples  not  designated  to  an  a  priori  group  in  CDA  are  automatically  classifed  into 
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447  the  designated  group  they  most  closely  resemble.  If  the  a  priori  groups  used  in  CDA  are 

448  limited  to  the  three  species  from  Panama  (Fig.  9c;  Appendix  5),  using  all  14  characters, 

449  33%  of  the  Curasao  colonies  are  classified  as  M.  annularis,  57%  are  classified  as  M. 

450  faveolata,  and  10%  are  classified  as  M.  franksi.  If  the  CDA  is  limited  to  the  seven 

451  characters  that  most  strongly  discriminate  the  three  species  from  Panama  (Fig.  9d; 

452  Appendix  6),  then  52%  of  the  Cura9ao  colonies  are  classified  as  M.  annularis,  3%  are 

453  classified  as  M.  faveolata,  and  45%  are  classified  as  M.  franksi. 

454 

455  2-D  Morphologic  Analyses 

456  To  test  the  extent  of  morphologic  plasticity  in  skeletal  characters  preserved  in 

457  transverse  thin  sections,  discriminant  analyses  were  performed  using  a  total  of  1 8 

458  variables,  which  include  five  linear  measurements,  Csize,  and  12  two-dimensional  shape 

459  variables  (of  the  39  that  were  calculated)  previously  used  to  distinguish  species  within  the 

460  complex  (Budd  and  Klaus,  2001).  While  100%  of  the  cumulative  variance  was  captured 

461  on  the  first  two  discriminant  axes  comparing  samples  from  5  m,  10  m,  and  20  m,  no 

462  significant  differences  between  the  sample  groups  were  detected  (Wilks’  Lambda  0.377, 

463  Chi-square  47.289,  df  36,  P  =  0.099).  Similarly,  no  significant  differences  were  detected 

464  between  localities  (Wilks’  Lambda  0.199,  Chi-square  76.763,  df  72,  P  -  0.329). 

465  Redundancy  analysis  (RDA)  based  on  the  same  five  environmental  and  physiologic 

466  variables  as  before  suggests  low  plasticity  within  the  2-dimensional  variables.  Monte 

467  Carlo  significance  tests  of  all  canonical  axes  revealed  no  significant  effect  due  to  the 

468  explanatory  variables  (F  =  0.9399,  P  =  0.5737). 
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469  To  determine  the  extent  to  which  regional  differences  in  corallite  wall  architecture  and 

470  thickening  of  skeletal  structures  obscure  taxonomic  boundaries,  colonies  of  M.  annularis 

471  from  Cura9ao  were  again  compared  to  genetically  determined  colonies  of  M.  franksi,  M. 

472  faveolaia,  and  M.  annularis  from  Panama  (Budd  and  Klaus,  2001 ;  Knowlton  and  Budd, 

473  2001;  Fukami  et  ah,  2004).  Canonical  discriminat  analysis  based  on  the  six  a  priori 

474  groups  defined  by  species  and  depth  (Fig.  10a;  Appendix  7)  shows  a  clear  separation 

475  between  the  three  species  of  Panama  and  a  slight  offset  along  axis  1  between  M 

476  annularis  of  Curasao  and  M.  annularis  of  Panama.  Two  significant  axes  were  identified. 

477  Axis  1  (65%)  is  strongly  correlated  to  the  extension  of  the  costae  beyond  the  corall  ite 

478  wall  (X2  (1-10),  X8  (1-10),  X14  (1-10)),  wall  thickness  (X12  (1-10),  X17  (1-10)),  the 

479  outer  width  of  the  tertiary  wall  costoseptum,  and  Csize.  Axis  2  (24.2%)  is  most  strongly 

480  correlated  to  the  width  of  the  secondary  septa  (M5)  and  the  extension  of  the  costae 

481  beyond  the  corallite  wall  (X8  (1-10).  When  left  unclassified,  over  92  %  of  the  Curasao 

482  M.  annularis  are  correctly  classified  with  the  M  annularis  of  Panama  (Fig.  10b). 

483 

484 
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484  Discussion  and  Conclusions 

485  Controls  on  Skeletal  Morphology 

486  We  detected  significant  phenotypic  plasticity  in  the  three-dimensional  calice 

487  morphology  of  M.  annularis  sampled  between  5  m  and  20  m  water  depth  along  the 

488  leeward  coast  of  Curasao.  Significant  differences  in  skeletal  morphology  were  detected 

489  between  water  depths  (Fig.  6a),  localities  (Fig.  6b),  and  geographic  regions  (Fig.  9a). 

490  Approximately  41%  of  the  observed  morphologic  variance  was  explained  by 

491  environmental  and  physiologic  variables. 

492  When  analyzed  independently  by  RDA,  PAR  explained  32%  of  the  total  variance 

493  whereas  the  6I3C  values  of  coral  tissues  only  explained  10%  of  the  variance.  The  weak 

494  explanatory  power  of  coral  tissue  &I3C  compared  to  PAR  suggests  that  either  SI3C  values 

495  do  not  accurately  reflect  relative  differences  in  the  amount  of  autotrophic  feeding,  or 

496  much  of  the  morphologic  variation  we  observed  in  the  three-dimensional  corallite 

497  morphology  is  unrelated  to  differences  in  primary  production.  Without  isotopic 

498  measurements  of  seawater  DIC  we  cannot  rule  out  the  possibility  that  values  of  coral 

499  tissue  &I3C  may  be,  to  at  least  some  extent,  directly  related  to  local  variations  in  the 

500  isotopic  composition  of  seawater  DIC  (Goericke  et  al.,  1994;  Swart  et  ah,  1996).  Previous 

501  studies  on  Curayao  have  shown  6I3C  values  of  DIC  to  be  similar  over  a  depth  range  of  5 

502  m  to  40  m  (Kaandorp  et  ah,  2005),  well  beyond  the  depth  range  of  the  current  study. 

503  Assuming  values  of  6I3C  reflect  primarily  the  relative  amounts  of  autotrophic  versus 

504  heterotrophic  feeding,  the  fact  that  morphologic  variables  associated  with  septal  height 

505  are  positively  correlated  to  light  and  negatively  correlated  to  coral  tissue  SI3C  is 

506  somewhat  surprising.  This  negative  correlation  may  reflect  varying  degrees  of  nutrient 
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limitation  between  coral  colonies.  Previous  reports  have  shown  that  under  nutrient- 
limiting  conditions  corals  can  calcify  more  despite  photosynthesizing  less  (Marubini  and 
Thake,  1999;  Marubini  et  al.,  2002).  These  trends  have  been  used  to  support  the 
hypothesis  that  calcification  is  a  means  by  which  corals  can  stimulate  symbiont 
photosynthesis  (McConnaughey  et  al.,  2000;  Cohen  and  McConnaughey,  2003).  Protons 
generated  through  calcification  are  thought  to  be  pumped  into  the  coelenteron  where  they 
react  with  HCO3’  to  replenish  CO2  used  in  symbiont  photosynthesis  (McConnaughey  and 
Whelan,  1997;  McConnaughey  et  al.,  2000).  Calcification  is  also  thought  to  stimulate  the 
uptake  of  symbiont-limiting  nutrients  by  altering  the  surface  charge  of  coral  tissues 
(McConnaughey  et  al.,  2000). 

Variation  in  Symbiodinium  community  structure  was  highly  correlated  to  PAR  (Fig. 

4),  and  when  analyzed  independently  accounted  for  twice  as  much  morphologic  variation 
(21%)  as  coral  tissue  6I3C  (10%).  While  it  is  well  established  that  coral  growth  and 
calcification  are  generally  enhanced  in  the  presence  of  algal  symbionts  (Pearse  and 
Muscatine,  1971;  Barnes  and  Chalker,  1990;  Muscatine,  1990),  there  is  currently  no  data 
as  to  how  different  clades  or  species  of  Symbiod'mium  influence  skeletogenesis.  The 
symbiont  genus  Symbiod'mium  is  extremely  diverse,  with  complex  patterns  of  host- 
symbiont  pairings  and  strong  correlations  to  different  light,  and  temperature  regimes 
(Baker,  2003;  Coffroth  and  Santos,  2005).  Preliminary  studies  suggest  variations  in 
symbiont  taxa  can  have  a  considerable  influence  on  host  physiology.  For  example, 
growth  rates  of  juvenile  corals  experimentally  inoculated  with  Symbiodinium  clade  C 
have  been  shown  to  grow  two  to  three  times  faster  than  those  inoculated  with  clade  D 
(Little  et  al.,  2004).  Furthermore  Symbiodinium  clade  A  has  a  high  tendency  for  the 
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530  synthesis  of  mycosporine-like  amino  acids  (UV-absorbing  substances  thought  to  provide 

53 1  photo-protective  function  against  UVR)  while  clades  B  and  C  do  not  (Banaszak  et  al., 

532  2000).  These  studies  suggest  that  in  addition  to  being  genetically  diverse,  the  genus 

533  Symbiodinium  is  also  physiologically  diverse.  While  the  current  study  does  not  provide 

534  conclusive  evidence  that  different  symbiont  taxa  influence  skeletal  morphology,  this  is 

535  suggested  by  the  strong  correlation  of  Symbiodinium  communities  with  skeletal 

536  morphology.  Given  that  Symbiodinium  community  composition  is  highly  correlated  to 

537  other  potential  forcing  factors  (e.g.  light  and  temperature),  future  studies  assessing  how 

538  different  symbiont  taxa  influence  skeletogenesis  will  require  a  more  direct  experimental 

539  approach,  rather  than  the  correlative  analysis  of  the  relationships  that  occur  in  nature. 

540  Over  half  of  the  quantified  variance  in  the  three-dimensional  dataset  was  unexplained 

541  by  the  environmental  and  physiologic  variables  (Table  2).  While  much  of  this  variation 

542  is  likely  to  be  random,  it  could  also  be  attributed  to  genetic  differences  or  environmental 

543  factors  not  accounted  for  in  the  current  study.  For  example,  Jan  Thiel  is  located  at  the 

544  eastern  end  of  the  island  where  seawater  currents  are  often  the  strongest.  Furthermore,  it 

545  is  immediately  adjacent  to  a  man-made  beach.  Results  of  canonical  discriminant 

546  analysis  showed  corallites  from  Jan  Thiel  to  be  smaller  with  poorly  developed  costae. 

547  Therefore,  although  unproven,  these  morphologic  differences  could  be  related  to  the 

548  stronger  currents  and  presumably  higher  sedimentation  rates  at  Jan  Thiel. 

549  Contrary  to  the  three-dimensional  dataset,  no  significant  variation  in  the  morphologic 

550  characters  expressed  in  transverse  thin  sections  could  be  accounted  for  by  the  explanatory 

551  variables  identified  in  this  study.  This  was  somewhat  surprising  given  that  previous  coral 

552  colony  transplant  studies  of  M.  annularis  on  Jamaica  have  shown  similar  skeletal 
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characters  to  be  morphologically  plastic  (Foster,  1979a).  Aside  from  using  different 
techniques  to  quantify  morphologic  variation,  (shape  coordinates  versus  linear 
measurements),  the  primary  difference  between  the  two  studies  is  the  range  of 
environments  investigated.  In  the  previous  study,  colonies  were  transplanted  between  a 
patch  reef  (3  m  water  depth),  a  lagoon  (16  m),  a  sand  channel  (20  m),  and  a  framework 
reef  (20  m).  These  environments  were  shown  to  vary  greatly  not  only  in  available  light, 
but  also  in  water  energy,  sedimentation  rate,  and  the  amount  of  available  food  (Foster, 
1979a).  Comparatively,  the  fringing  reefs  sampled  along  the  leeward  coast  of  Curasao 
are  all  fairly  similar  in  these  regards.  Foster  (1979a)  did  not  attempt  to  discriminate 
between  the  affects  of  the  different  environmental  factors.  However,  results  from  the 
present  study,  sampled  over  a  similar  depth  gradient  (5  m  to  20  m),  suggest  that  a 
considerable  amount  of  the  variation  observed  in  the  Jamaican  corals  might  be  due  to 
factors  other  than  the  amount  of  available  light. 

Implications  for  Taxonomic  Studies 

Species  of  M.  annuIaris-Y\ke  corals  (similar  calice  diameters  and  numbers  of  septa) 
have  been  ecologically  dominant  on  Caribbean  reefs  since  at  least  the  early  Miocene  (22 
Ma)  (Budd,  1991;  Knowlton  and  Budd,  2001).  Preliminary  evidence  from  the  fossil 
record  suggests  a  complex  evolutionary  history  of  this  group  with  high  rates  of 
origination  and  extinction  within  diverse  species  complexes  (Budd,  1990,  1991;  Budd  et 
ah,  1994;  Budd  and  Johnson,  1997;  Budd  and  Klaus,  2001;  Pandolfi  et  ah,  2002;  Klaus 
and  Budd,  2003;  Budd  and  Pandolfi,  2004).  Species  of  M.  armularis-Wkz  corals 
additionally  show  a  trend  of  increasing  dominance  within  the  Caribbean  over  this  time 
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576  period,  with  the  most  striking  shift  associated  with  late  Pliocene  to  early  Pleistocene 

577  faunal  turnover  (Knowlton  and  Budd,  2001 ;  Klaus  and  Budd,  2003).  Given  the 

578  dominance  of  M.  annularis- like  corals  over  the  past  22  m.y.,  the  evolutionary  history  of 

579  this  group  is  likely  to  have  played  an  important  role  in  shaping  the  modern  Caribbean 

580  reef  coral  fauna.  Understanding  the  evolutionary  history  of  M.  annularis-\ike  corals  is 

581  dependent  upon  the  ability  to  track  morphologic  characters  and  recognize  species 

582  boundaries  within  the  loose  environmental  constraints  of  coral  reef  facies  (i.e.  backreef, 

583  reef  crest,  forereef).  The  current  study  suggests  morphologic  characters  preserved  in 

584  transverse  thin  sections  record  genotypic  information  adequate  for  comparing  species 

585  boundaries  over  wide  geographic  regions  and  a  considerable  range  of  seawater  depths. 

586  Given  that  no  significant  differences  in  morphology  were  detected  effectively  over  the 

587  entire  depth  distribution  of  M.  annularis  (0-20  m)  provides  validation  to  several  previous 

588  and  ongoing  studies  using  the  morphologic  variation  preserved  in  transverse  thin  sections 

589  to  study  the  evolutionary  history  of  the  species  complex  in  the  fossil  record.  Patterns  of 

590  origination,  extinction  and  character  evolution  mapped  onto  a  high  resolution 

591  chronostratigraphic  framework  should  provide  a  basis  for  interpreting  the  complex 

592  history  of  this  group  and  its  influence  on  the  changing  nature  of  Cenozoic  coral  reefs 

593  within  the  Caribbean. 

594  The  strong  correlation  observed  in  the  present  study  between  the  three-dimensional 

595  topography  of  calice  surfaces  and  local  and  regional  environmental  conditions,  highlights 

596  the  need  to  use  these  characters  somewhat  cautiously  in  taxonomic  studies.  That  said, 

597  plastic  characters  are  useful  in  taxonomic  studies  (Foster,  1979b).  Previous  studies  of  the 

598  M.  annularis  complex  have  shown  that  three-dimensional  characters  are  very  good  at 


27 


599 

600 

601 

602 

603 

604 

605 

606 

607 

608 

609 

610 

61 1 

612 

613 

614 

615 

616 

617 

618 

619 

620 

621 


distinguishing  species,  and  typically  do  a  better  job  of  preserving  genetic  relationships 
between  the  members  of  the  complex  (Budd  and  Klaus,  2001;  Knowlton  and  Budd, 

2001).  Furthermore,  because  morphologic  characters  associated  with  phenotypic 
plasticity  can  become  genetically  fixed  (Partridge  et  al.,  1994;  Brakefield  et  al.,  1996; 
Brakefield  et  al.,  1998),  understanding  how  skeletal  morphology  changes  in  relation  to 
environmental  factors  can  provide  evidence  for  ecologically-driven  morphologic 
divergence.  For  example,  we  detected  an  overall  decrease  in  calice  height  with  increasing 
water  depth  (Fig.  6a),  which  mirrors  the  ecological  zonation  of  the  three  species  within 
the  complex.  Montastraea  faveolata  and  M.  annularis,  most  common  in  shallow  water, 
have  greater  calice  heights  than  M.  franksi ,  which  is  more  common  at  deeper  depths.  The 
correlation  of  these  characters  to  observed  phenotypic  plasticity  in  M.  annularis  along  a 
similar  depth  gradient  suggests  these  characters  may  be  adaptive.  Variation  in  calice 
relief  are  most  likely  an  adaptation  to  the  amount  of  available  light.  At  shallow  water 
depths  high  calical  relief  would  allow  the  coral  to  self  shade  its  tissues  from  harmful  UV 
radiation  (Jokiel,  1980;  Falkowski  et  al.,  1990),  and  possibly  limit  excessive  symbiont 
photosynthesis.  At  deeper  depths,  reduced  calical  relief  would  allow  the  individual  polyp 
to  expose  a  greater  percentage  of  tissue  to  the  incoming  light  field. 

Much  remains  to  be  learned  about  the  nature  and  implications  of  phenotypic  plasticity 
in  corals.  While  mechanisms  of  coral  skeletogenesis  and  the  ecological  and  evolutionary 
significance  of  observed  morphologic  variations  are  undoubtedly  related,  the  current 
study  represents  one  of  the  first  attempts  to  treat  these  variables  simultaneously.  Recent 
advances  in  the  molecular  genetics  of  corals  and  associated  symbionts  are  radically 
changing  our  view  of  the  reef  ecosystem.  What  used  to  be  one  coral  species  and  one 
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622  symbiont  species  is  now  three  coral  species  and  a  diverse  and  dynamic  assemblage  of 

623  multiple  symbionts.  These  findings  will  begin  to  answer  previously  unexplained  aspects 

624  of  fundamental  ecosystem  processes  including  skeletal  calcification  and  ecological 

625  zonation. 
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Table  1 .  Cross-correlations  between  explanatory  variables  used  in  RDA  (asterisks 
indicate  significant  correlations  P  <  0.05). 
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PAR 

6I5N 

6I3C 

Zoox  1 

_6ttN_ 

-0.04 

6i3C 

0.45* 

-0.08 

Zoox  1 

0.75* 

-0.26 

0.31 

Zoox  2 

0.04 

-0.32 

0.16 

0.05 
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909  Table  2.  Numerical  output  of  Redundancy  analyses  performed  on  3-D  morphologic 

910  variables. 


% 

morphologic 

Variance 

%  sum  of 
canonical 
eigenvalues 

Monte 
Carlo  F- 
ratio 

Monte 
Carlo  P- 
value 

3-D  Axis  1 

35.9 

79.5 

3-D  Axis  2 

6.5 

14.4 

Total 

42.4 

93.9 

3.979 

0.0001 
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914 

915  Table  3.  Numerical  output  of  Redundancy  analyses  performed  on  three-dimensional 

916  shape  variables. 


Correlation 
with  axis  1 

Correlation 
with  axis  2 

%  sum  of  all 
canonical 
eigenvalues 

Forward  selection 

tests 

F  statistic 

P-value 

PAR 

0.99 

0.04 

77.40 

17.741 

0.001 

8i3C 

0.44 

0.35 

24.69 

2.942 

0.016 

8i5N 

0.52 

-0.80 

24.35 

1.259 

0.268 

Zoox-1 

0.77 

-0.11 

47.88 

0.656 

0.682 

Zoox-2 

-0.05 

-0.06 

2.28 

0.619 

0.714 
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Figure  1.  Map  of  Curac^ao,  Netherlands  Antilles,  in  the  southern  Caribbean  Sea.  The 

five  sites  chosen  for  this  project  are  distributed  along  the  leeward  coast  of  the 
island  as  indicated.  The  major  seaport  of  St.  Annabaai  and  the  urban  area  of 
Willemstad  are  shown.  Boca  Simon  and  Water  Plant  are  the  most 
environmentally  impacted  sites,  while  Playa  Hundu  is  the  least  impacted  site. 

Figure  2.  Schematic  diagrams  showing  landmarks  used  in  morphometric  analyses.  (A) 
Scanning  electron  micrograph  of  corallite  and  schematic  diagrams  (left, 
vertical  profiles  of  costosepta;  right,  calical  surface)  showing  landmark 
positions  used  in  three-dimensional  analyses.  Points  10,  25  and  12  were  used 
as  a  baseline.  Scale  bar  is  1.5  mm.  (B)  Thin  section  photo  and  schematic 
diagram  showing  27  two-dimensional  landmarks  collected  on  transverse  thin 
sections  of  corallites.  Only  selected  landmarks  are  indicated  in  thin  section 
on  left.  Points  1  and  12,  and  points  1  and  14  were  used  as  baselines.  Scale 
bar  is  1 .5  mm. 

Figure  3.  Environmental  and  physiological  variables  used  to  explain  morphologic 

variance  collected  at  three  depths  at  three  localities  along  the  leeward  coast  of 
Curapao.  (A)  The  percent  noon-time  surface  PAR.  Each  point  represents  the 
mean  and  standard  deviation  of  ten  replicate  measurements.  (B)  Coral  tissue 
5ISN  from  Montastraea  annularis.  Each  point  represents  the  mean  and 


43 


940 

941 

942 

943 

944 

945 

946 

947 

948 

949 

950 

951 

952 

953 

954 

955 

956 

957 

958 

959 

960 

961 

962 


standard  deviation  of  four  samples.  (C)  Coral  tissue  8I5N  from  Montastraea 
annularis.  Each  point  represents  the  mean  and  standard  deviation  of  four 
samples. 


Figure  4. 


Figure  5. 


Figure  6. 


NMDS  ordination  of  Symbiodinium  communities  inhabiting  the  tissues  of 
Montastraea  annularis  (n  =  36).  Ordination  based  on  the  Bray-Curtis 
similarity  coefficient  between  T-RJF LP  profiles  of  the  28S  rRAIA  gene  of 
Symbiodinium  digested  with  the  Cfo\  enzyme.  (A)  Plot  showing  the  relative 
similarity  of  Symbiodinium  communites  from  5  m,  10  m  and  20  m.  (B)  Plot 
showing  the  relative  abundance  of  clade  B  T-RE  C/bI-137  mapped  on  the 
ordination  of  (A).  (C)  Plot  showing  the  relative  abundance  of  clade  C  T-RF 
C/oI-458  mapped  on  the  ordination  of  (A).  (D)  Plot  showing  the  relative 
abundance  of  clade  C  T-RF  C/oI-510  mapped  on  the  ordination  of  (A). 

Frequency  distribution  of  three-locus  AFLP  genotypes  in  Curafao,  Panama, 
and  the  Bahamas.  Order  of  alleles  is  920/880,  500/null,  450/430/410 

Plots  of  the  first  two  canonical  functions  in  discriminant  analyses 
distinguishing  Montastraea  annularis  colonies  collected  from  different  water 
depths  and  localities  on  the  leeward  coast  of  Cura9ao.  (A)  A  priori  groups 
defined  by  seawater  depth.  Function  1  (92%  of  variation)  is  positively 
correlated  to  septum  height,  costa  length,  septum  length,  and  wall  thickness. 
(B)  A  priori  groups  defined  by  locality.  Function  1  (41%)  is  correlated  with 
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septum  height,  and  septum  length.  Function  2  (38%)  is  correlated  with  C- 
size  and  the  relative  development  of  major  versus  minor  costae. 

Figure  7.  Consensus  configurations  of  the  primary  septocostae  from  5  m,  10  m,  and  20 
m.  The  background  mesh  represents  the  morphologic  deformation  relative  to 
the  5  m  consensus  configuration. 

Figure  8.  Redundancy  analysis  (RDA)  biplot  of  36  coral  samples  of  Montastraea 

annularis  based  on  14  three-dimensional  morphologic  variables  and  seven 
environmental  and  physiologic  explanatory  variables.  Together,  axis  1  and 
axis  2  account  for  41 .1%  of  the  variation  observed  in  the  morphologic 
variables.  Explanatory  variables  are  described  within  the  text.  See  tables  2 
and  3  for  numerical  output. 

Figure  9.  Plots  of  the  first  two  canonical  functions  in  discriminant  analyses  comparing 
the  tree-dimensional  morphology  of  Montastraea  annularis  colonies 
collected  from  Curafao  to  colonies  of  Montastraea  faveolata,  Montastraea 
annularis ,  and  Montastraea franksi  collected  in  Panama.  (A)  CDA  based  on 
14  three-dimensional  variables  with  a  priori  groups  defined  the  three  species 
from  Panama,  and  the  three  seawater  depths  sampled  in  Curasao.  Function  I 
(49%)  is  correlated  to  variables  associated  with  septal  height.  Function  2 
(36%)  is  strongly  correlated  to  csize,  wall  thickness,  septum  length,  the 
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relative  development  of  major  versus  minor  costate,  and  costae  length.  (B) 
CDA  based  on  seven  three-dimensional  variables  with  a  priori  groups  defined 
the  three  species  from  Panama,  and  the  three  seawater  depths  sampled  in 
Cura9ao.  Function  1  (70%)  is  correlated  to  wall  thickness  and  Csize. 

Function  2  (20%)  is  strongly  correlated  to  costae  length  and  septum  length. 
(C)  CDA  based  on  14  three-dimensional  variables  with  a  priori  groups 
defined  by  the  three  species  from  Panama,  with  Curayao  samples  left 
unclassified.  33%  of  the  Curayao  samples  are  classifed  as  Montasiraea 
annularis,  57%  as  Montasiraea  faveolala,  10%  as  Montastraea franksi .  (D) 
CDA  based  on  seven  three-dimensional  variables  with  a  priori  groups  defined 
by  the  three  species  from  Panama,  with  Curapao  samples  left  unclassified. 
52%  of  the  Curafao  samples  are  classifed  as  Montastraea  annularis,  3%  as 
Montastraea  faveolata,  45%  as  Montastraea  franksi. 

Figure  10.  Plots  of  the  first  two  canonical  functions  in  discriminant  analyses  comparing 
the  two-dimensional  morphology  of  Montastraea  annularis  colonies 
collected  from  Curasao  to  colonies  of  Montastraea  faveolata,  Montastraea 
annularis,  and  Montastraea  franksi  collected  in  Panama.  (A)  CDA  based  on 
18  two-dimensional  variables  with  a  priori  groups  defined  the  three  species 
from  Panama,  and  the  three  seawater  depths  sampled  in  Curasao.  Function  1 
(65%)  is  correlated  to  the  extension  of  the  costae  beyond  the  corallite  wall, 
wall  thickness,  the  outer  width  of  the  tertiary  wall  costoseptum  and  Csize. 
Function  2  (24%)  is  strongly  correlated  to  the  width  of  the  secondary  septa 
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1009  and  the  extension  of  the  costae  beyond  the  corallite  wall.  (D)  CDA  based  on 

1010  18  three-dimensional  variables  with  a  priori  groups  defined  by  the  three 

1011  species  from  Panama,  with  Curapao  samples  left  unclassified.  92%  of  the 

1012  Curasao  samples  are  classifed  as  Montastraea  annularis ,  2%  as  Montastraea 

1013  faveolata,  6%  as  Montastraea  franksi. 
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Appendix  1  -  Structure  matrix  figure  6a 
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1016  Appendix  2  -  Structure  matrix  figure  6b 
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1018  Appendix  3  -  Structure  matrix  figure  9a 
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1019  Appendix  4  -  Structure  matrix  figure  9b 
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1022  Appendix  5  -  Structure  matrix  figure  9c 
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1026  Appendix  6  -  Structure  matrix  figure  9d 
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1029  Appendix  7  -  Structure  matrix  figure  10a 
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1032  Appendix  8  -  Structure  matrix  figure  10b. 
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ABSTRACT 


1 

2 

3  Over  recent  decades  reef  coral  health  has  become  increasingly  challenged  by  diseases.  Many 

4  massive  framework  building  coral  species  are  particularly  susceptible  to  black  band  disease 

5  (BBD),  a  disease  characterized  by  a  microbial  mat  dominated  by  cyanobacteria  that  kills  coral 

6  tissue  while  migrating  over  the  colony  surface.  Black  band  disease  mats  infecting  seven  different 

7  coral  species  of  five  genera  were  studied  to  reveal  host-specific  interactions  and  to  identify 

8  important  microbes  involved  in  the  disease.  In  situ  infection  experiments  showed  that  the  BBD 

9  mats  were  infectious  across  coral  species,  and  that  exposure  to  mat  samples  without  damaging  the 

10  coral  surface  was  sufficient  for  infection  initiation.  Genotypic  variability  of  the  dominant  BBD 

1  1  cyanobacteria  was  analyzed  at  high  resolution  using  cyanobacteria-specific  terminal  restriction 

12  fragment  polymorphism  (T-RFLP)  analysis  in  combination  with  sequencing  of  the  genes  for 

1 3  rRNA  internal  transcribed  spacer  (rRNA-ITS).  The  dominant  cyanobacteria  on  most  coral  species 

1 4  were  nearly  identical,  yet  two  genotypes  could  be  distinguished  based  on  subtle  variation  in 

1 5  rRNA-ITS  sequences.  By  selecting  a  restriction  enzyme  for  discrimination  of  this  genotypic 

1  6  variation  in  T-RFLP  profiles,  the  distribution  of  these  genotypes  in  BBD  mats  was  revealed.  The 
1  7  BBD  infecting  the  Seafan  Gorgonia  ventalina  was  dominated  by  very  different  cyanobacterial 
1  8  taxa,  suggesting  host  specificity  at  higher  taxonomic  levels.  Clone  library  sequencing  and  T- 
1  9  RFLP  analyses  of  rRNA  genes  and  reverse-transcribed  rRNA  were  performed  to  reveal  the 

20  identity  and  activity  of  abundant  members  of  the  microbial  communities  of  BBD  mats.  A 

21  potential  role  of  these  microbes  in  infection  and  immunity  was  studied  by  comparing  the 

22  microbial  communities  of  BBD  mats  to  those  associated  with  the  healthy  tissues  of  infected  and 

23  non-infected  corals.  The  dominant  cyanobacterial  genotype  was  detected  on  healthy  tissues  of 

24  several  diseased  coral  species.  In  addition,  the  dominant  cyanobacterial  genotype  was  also 

25  detected  on  several  species  with  no  outward  signs  of  disease.  The  variable  abundances  of  the 

26  dominant  cyanobacterial  genotype  in  BBD  mats  and  healthy  coral  tissues  suggested  an 


2 


1  opportunistic  role  for  this  organism  in  BBD  disease.  Besides  Cyanobacteria ,  Rhodobacteraceae , 

2  Vibrionaceae  and  Bacteroidetes  were  identified  as  important  constituents  of  BBD  mats.  Several 

3  genotypes  were  highly  similar  to  genotypes  identified  previously  in  coral  diseases.  A  higher 

4  relative  abundance  of  several  of  these  organisms  in  BBD  mats  compared  to  healthy  coral  tissue  in 

5  multiple  coral  species,  suggested  a  potential  role  for  these  organisms  in  infection.  The  high 

6  resolution  analysis  of  BBD  mat-coral  host  specificity  supported  the  view  that  the  BBD  mat 

7  creates  a  microenvironment  for  particular  bacterial  groups.  The  creation  and  persistence  of  the 

8  BBD  mat  does  not  appear  to  be  controlled  by  the  coral  host,  but  it  can  be  affected  by  (unknown) 

9  factors  that  vary  between  corals  at  higher  taxonomic  levels. 

10 

1  1 

12  Keywords:  Coral  Reefs,  Black  band  disease,  host  specificity.  Cyanobacteria ,  microbial 
1  3  community  composition,  T-RFLP,  16S  rRNA,  rRNA-ITS,  reverse-transcribed  rRNA, 
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1  INTRODUCTION 

2 

3  Coral  reefs  are  the  most  biologically  diverse  and  productive  of  aquatic  ecosystems.  They  are  also 

4  in  severe  decline,  particularly  in  the  Caribbean.  The  destruction  of  coral  reef  ecosystems  can  be 

5  attributed  to  a  combination  of  factors,  but  one  of  the  main  threats  to  reefs  is  increasing  coral 

6  mortality  due  to  diseases  (17,  30,  40).  The  increasing  prevalence  of  these  diseases  is  concerning 

7  in  that  many  diseases  infect  multiple  coral  species,  spread  rapidly,  and  are  most  often  fatal.  In  the 

8  Caribbean,  diseases  have  already  decimated  reef  building  corals  of  the  genus  Acropora  (2). 

9  Human  activities  near  coral  reefs,  including  habitat  degradation,  over-fishing,  and  pollution  are 

10  known  to  have  large  effects  on  reef  health  (40).  In  addition,  worldwide  changes  in  climate  and  sea 

1  1  surface  temperatures  are  blamed  for  increasing  physiological  stress  and  decreasing  coral  disease 

1 2  resistance  (20),  potentially  facilitating  pathogen  transmission  (37). 

13 

1 4  Many  of  the  causal  agents  of  coral  diseases  have  yet  to  be  identified,  though  microbial  pathogens 

1 5  are  being  increasingly  identified  in  association  with  coral  diseases  (3 1 , 38,  40).  Black  band 

1 6  disease  (BBD)  is  a  coral  disease  characterized  by  a  black  to  red  bacterial  mat  that  migrates  across 

1 7  infected  corals,  killing  healthy  tissue  and  leaving  behind  dead  skeleton.  The  disease  occurs  on 

1  8  both  Caribbean  and  Indo-Pacific  reefs.  Most  often  fewer  than  1%  of  coral  colonies  are  affected, 

1 9  with  5-6%  of  susceptible  species  infected  at  peak  times  of  disease  (11,  26).  Nevertheless,  the 

20  menace  of  BBD  to  reefs  is  considerable  due  to  the  preferential  susceptibility  of  major  framework- 

21  building  coral  species.  Mortality  of  such  dominant  reef  elements  is  a  potent  force  in  restructuring 

22  coral  reef  ecosystems  (11,  26). 

23 

24  The  black  band  of  infected  corals  is  a  pathogenic  microbial  mat  dominated  by  a  filamentous, 

25  nonheterocystous  cyanobacterium  microscopically  identified  as  P.  corallyticum.  While  the 

26  pathogenic  mat  is  polymicrobial,  a  consensus  exists  as  to  the  importance  of  the  dominant 
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cyanobacterium  during  disease  development  (31, 40).  Notably,  BBD  progression  can  be  stopped 
by  light  deprivation  of  the  cyanobacteria  (18),  (unpublished  results  IJ  and  JK).  Nevertheless,  the 
reasons  to  consider  it  the  primary  pathogen  remain  circumstantial  and  Koch’s  postulates  have  not 
yet  been  fulfilled  (7,  10,  31, 40).  A  consortium  rather  than  a  single  pathogen  may  be  required  for 
disease  initiation  (7).  The  cyanobacteria  creates  a  ropy  network  that  structurally  supports  the 
BBD  mat  and  houses  a  complex,  phylogenetically  diverse  community  (10,  15).  Based  on  16S 
rRNA  gene  analysis,  the  dominant  BBD  cyanobacteria  derived  from  infected  corals  from  4 
different  species  and  from  different  regions  in  the  Caribbean  (10,  14,  15),  were  found  to  be  of  one 
ribotype.  This  ribotype  was  classified  as  a  member  of  the  genus  Oscillatoria.  Besides 
cyanobacteria,  up  to  64  bacterial  species  have  been  identified  in  the  BBD  mat  (10,  15),  with 
species  of  the  divisions  Firmicutes ,  Cytophaga-Flexibacier-Bacteroides  (CFB)  group  and  S~ 
Proteobacteria  being  consistently  abundant  ( 14).  Differences  in  the  microbial  communities  of 
BBD  mats  and  those  associated  with  non-infected  coral  tissues  could  identify  organisms  involved 
in  disease  initiation  or  progression.  Besides  the  dominant  cyanobacterial  genotype,  several  such 
potential  pathogens  were  identified  based  on  clone  library  frequencies  and  DGGE  profiles  (10, 

14,  15).  Since  it  is  to  be  expected  that  infectious  mat  components  are  relatively  active,  and 
metabolically  active  cells  usually  contain  higher  numbers  of  ribosomes  than  quiescent  cells  (28), 
a  reflection  on  the  diversity  of  the  active  components  in  the  microbial  mats  may  be  obtained  from 
reverse-transcribed  rRNA  rather  than  rRNA  genes. 

BBD  has  been  reported  on  45  (of  approximately  400)  scleractinian  species  from  the  Indo-Pacific 
and  19  (of  66)  scleractinian  and  6  gorgonian  species  from  the  Caribbean  (40).  The  preference  of 
BBD  for  certain  massive  corals  and  the  co-occurrence  of  infected  and  uninfected  corals  suggest 
that  certain  species  of  coral  are  less  susceptible  to  BBD  infection  than  others.  This  variation  could 
be  due  to  properties  of  BBD  pathogens  which  determine  their  host-specificity,  e.g.  possession  of 
specific  receptors  or  pathogenicity  plasmids,  or  their  distribution,  e.g.  ability  to  thrive  in  the  host 
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1  microenvironment  as  determined  by  a  particular  mucus  type  or  light  regime.  The  variation  in 

2  coral  susceptibility  to  disease  could  also  be  due  to  differences  in  coral  defense  against  infection. 

3  To  address  the  role  of  host-specificity  -the  association  of  microorganisms  with  only  a  few 

4  (specialism)  or  many  (generalism)  host  species-  in  explaining  differential  susceptibility  of  coral 

5  species  to  infection,  a  detailed  population  analysis  is  required.  Important  biological  differences 

6  such  as  those  involved  in  host-specificity  may  not  be  reflected  in  significant  levels  of  16S  rRNA 

7  sequence  variation  of  the  symbiont  (3,  33).  Several  studies  have  used  the  highly  variable  ITS 

8  region  of  cyanobacterial  rRNA  gene  operons  to  study  strains  whose  I6S  rRNA  gene  sequences 

9  are  nearly  identical  (12,  21).  The  subtle  genetic  divergence  patterns  thus  revealed  were  indicative 

1 0  of  ecotypes,  genetically  closely  related  but  physiologically  distinct,  sometimes  within  established 

11  1 6S  rRNA  clusters  (12,  34).  Such  multiple  coexisting  ecotypes  may  vary  in  relative  abundance 

1 2  with  changing  environmental  conditions. 

13 

14  Corals  harbor  diverse  bacterial  communities  that  are  different  from  the  overlying  seawater  and 

1 5  seem  to  exhibit  some  specificity  within  coral  species  (15,  25,  35,  36).  The  combined  stresses  of 

1 6  temperature  increase  and  human  impacts  may  lead  to  changes  in  these  microbial-coral 

1 7  associations  which  may  affect  coral  health  and  susceptibility  to  disease  (23,  36).  Such  changes 

1 8  observed  before  signs  of  visible  stress,  may  be  used  as  bio-indicators  of  both  environmental 

1  9  changes  and  disease.  Differences  in  the  microbial  communities  associated  with  healthy  tissues  of 

20  infected  and  non-infected  colonies  could  reveal  a  role  of  these  microbes  in  disease.  Microbial 

2 1  community  shifts  could  be  the  cause  of  an  increased  susceptibility  to  infection,  or  it  could  be  the 

22  result  of  a  whole  colony  response  to  infection.  When  comparing  microbial  community  DGGE 

23  profiles  from  M.  annularis  coral  tissue  infected  with  white  band  disease  (WBD)  to  that  of  non- 

24  infected  remote  colonies,  Pantos  et  al  (29)  claimed  to  have  found  differences  between  these. 

25 
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1  Here,  we  report  on  the  characterization  of  BBD  microbial  communities  infecting  7  different  coral 

2  species  covering  5  genera  to  reveal  host-specificity  -the  association  of  microorganisms  with  only 

3  a  few  (specialism)  or  many  (generalism)  host  coral  species-  and  to  identify  microbes  with 

4  potential  roles  in  coral  disease  and  immunity.  In  situ  infection  experiments  between  coral  species 

5  were  conducted.  The  dominant  BBD  mat  cyanobacteria  were  analyzed  at  high  resolution  by  using 

6  cyanobacteria-specific  rRNA-FTS  gene  T-RFLP.  Clone  library  sequencing  and  TRFLP  from 

7  rRNA  genes  and  reverse-transcribed  rRNA  genes  were  performed  to  reveal  the  identity,  activity 

8  and  relative  abundances  of  BBD  mat  microbes.  Potentially  important  bacteria  in  black  band 

9  disease  were  identified  based  on  their  relative  abundances  in  BBD  mats  and  healthy  tissues  of 
10  infected  and  non-infected  coral  colonies. 
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MATERIALS  AND  METHODS 


Sample  collection.  Coral  colonies  were  collected  along  the  leeward  (Southwestern)  coast  of 
Curacao,  Netherlands  Antilles  by  making  transects  using  standard  SCUBA  techniques.  We 
encountered  most  infected  coral  specimens  at  the  localities  Water  Plant  and  Boca  Simon, 
immediately  adjacent  to  the  seaport  and  large  urban  center  of  Willemstad,  and  Jan  Thiel  which  is 
approximately  8  km  upcurrent  from  the  seaport.  Infected  corals  were  either  sampled  directly  or 
labeled  for  later  synchronized  sample  collection  (infection  experiments).  All  sampling  and 
experimentation  was  carried  out  in  July  2004.  Samples  were  collected  from  BBD  mats  (BBD), 
healthy  tissue  of  infected  colonies  (HT),  dead  skeleton  of  infected  colonies  (DS),  and  healthy 
colonies  distant  from  infected  colonies  (HC).  BBD  mat  samples  that  could  be  physically  peeled 
off  were  collected  by  using  forceps,  coral  tissue  samples  were  collected  by  removing  a  2  x  2  cm 
portion  of  the  uppermost  1  cm  of  the  coral  colony  with  a  small  chisel.  Samples  were  placed  in 
sterile  disposable  15  or  50  ml  tubes  (depending  on  the  sample  size)  and  upon  return  to  shore, 
within  1  hour,  seawater  was  decanted  and  replaced  by  80%  ethanol  to  preserve  DNA.  BBD 
samples  to  be  used  for  RNA  analysis  were  collected  in  15  ml  tubes,  immediately  transported  to 
the  water  surface  where  the  seawater  was  decanted  and  replaced  by  RNAlater  (Ambion).  This 
procedure  was  completed  within  3  minutes  after  sample  collection.  Samples  were  transported  to 
the  laboratory  at  approximately  10°C  and  then  stored  at  -20°C  until  further  processing. 

In  situ  infection  experiments.  The  Water  Plant  was  chosen  as  the  site  to  perform  in  situ  infection 
experiments  because  this  location  was  found  to  harbor  a  high  incidence  of  corals  infected  with 
BBD  (as  well  as  other  diseases).  Thereby  we  prevented  the  transport  of  BBD  to  a  locality  where  it 
was  before  absent  or  at  a  very  low  incidence.  Experiments  were  carried  out  at  3-6  m  depth. 

BBD  mat  samples  from  infected  colonies  of  Diploria  strigosa ,  Montastraea  cavernosa, 
Colpophyllia  natans  and  Mecindrina  mecindrites  were  collected  at  the  Water  Plant  location  and 
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from  Montastraea  faveolata  at  Jan  Tiel.  The  mat  samples  were  peeled  from  the  BBD  mat  using 
tweezers  and  brought  to  the  surface  in  sterile  50  ml  polypropylene  tubes.  At  the  surface,  the  BBD 
samples  were  divided  into  10  portions  of  similar  size  which  were  then  transported  to  a  site  at  the 
Water  Plant  locality  where  uninfected  colonies  of  the  species  D.  strigosa ,  C.  natans ,  M. 
cavernosa ,  M.  faveolata ,  and  Porites  porites  were  present  in  a  range  of  5  meters.  These 
uninfected  corals  were  exposed  to  the  BBD  flakes  originating  from  different  coral  species  by 
puncturing  sterile  disposable  needles  through  the  BBD  flakes  and  into  the  coral  surface.  All  6 
coral  species  were  exposed  to  BBD  mats  collected  from  D.  strigosa ,  M.  cavernosa ,  M.  faveolata 
and  C.  natans ,  but  from  M.  meandrites  there  was  just  sufficient  material  to  expose  D.  strigosa . 

The  needles  were  placed  approximately  10  cm  apart  and  had  a  small  transparent  plastic  cap  (Fig. 
IE)  to  prevent  the  consumption  of  BBD  flakes  by  reef  fish.  Control  needles  without  BBD  flakes 
were  attached  similarly.  The  sets  of  needles  were  attached  in  duplicate  on  each  coral.  After  8 
days,  the  site  was  revisited  and  photographs  were  made  to  check  for  signs  of  BBD  disease. 
Infected  P.  porites  colonies  were  then  removed. 

The  potential  effect  of  damaging  the  coral  surface  on  the  susceptibility  of  corals  to  BBD  infection 
was  studied  by  varying  the  exposure  of  healthy  D.  strigosa  colonies  to  flakes  harvested  from  a 
BBD  infected  D.  strigosa  colony  with  a  thick  black  band  approximately  10  meters  away.  On  the 
healthy  D.  strigosa  colonies,  two  fish  lines  were  attached  such  that  they  held  4  patches  of  8  x  8 
cm  nylon  transparent  plankton  net  lightly  pressed  against  the  coral  surface.  Underneath  two  of 
these  patches  we  placed  BBD  flakes  of  approximately  0.5  x  0.5  cm,  and  one  of  these  was 
punctured  with  a  sterile  needle.  The  other  two  control  patches  were  manipulated  accordingly  such 
that  the  covered  coral  surface  was  exposed  to  the  same  physical  stress,  but  no  BBD  flakes  were 
put  underneath.  In  a  separate  setup,  a  BBD  flake  was  first  placed  on  the  coral  surface, 
immediately  followed  by  the  attachment  of  the  plankton  net  patch  using  the  fish  lines.  This  was  to 
ensure  a  BBD  exposure  without  any  physical  stress  resulting  from  touching  the  coral  surface 
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]  during  the  lifting  of  the  patch.  The  site  was  visited  after  3  and  10  days  to  make  photographs  and 

2  check  for  signs  of  BBD  disease.  The  experiment  was  performed  in  triplicate  (i.e.  on  three  separate 

3  colonies). 

4 

5  Nucleotide  extraction  and  amplification.  Coral  samples  preserved  in  ethanol  were  crushed  in 

6  the  collection  tubes  by  using  sterilized  tools,  creating  a  slurry  of  coral  tissue,  Zooxanthellae, 

7  mucus,  microorganisms,  and  skeletal  material.  CoraJ  slurries  of  BBD  flakes  were  transferred  to  2 

8  ml  screw-capped  tubes,  centrifuged  for  10  minutes  at  12,000  xg,  and  genomic  DNA  was  extracted 

9  from  the  pellet  using  the  UltraClean  Soil  DNA  Kit  (Mo  Bio,  Solana  Beach,  CA)  following  the 

10  manufacturers  instructions. 

1 1  For  RNA  extraction  from  BBD  samples  stored  in  RNAlater,  the  samples  were  transferred  to  2  ml 

1 2  screw-capped  tubes,  centrifuged  for  10  minutes  at  12,000  xg  and  the  pellet  was  used  for  total 

1  3  RNA  extraction  by  using  TRIZOL  reagent  (Invitrogen)  following  the  manufacturers  instructions. 
14  DNA  was  removed  using  DNAfree  (Ambion)  and  the  RNA  was  stored  in  RNAsecure  (Ambion). 

1  5  First-strand  cDNA  was  synthesized  as  follows.  One  to  ten  pi  RNA  extract  was  incubated  with  1 

1 6  ul  4pM  primer  1406R  (see  below),  1  pi  1 0  mMI  dNTPs  in  a  total  volume  of  1 3  pi  at  65°C  for  5 

17  min  and  then  immediately  put  on  ice.  Then  4  pi  5x  First  strand  buffer,  1  pi  0. 1  M  DTT,  1  pi 

1  8  RNAse  inhibitor  and  1  pi  Superscript  III  (Invitrogen)  was  added,  followed  by  incubation  for  60 

1 9  min.  at  55°C  and  inactivation  for  1 5  min.  at  70°C.  The  resulting  cDNA  was  used  for  PCR 

20  amplification  and  TRFLP  as  described  below. 

21 

22  PCR  amplification  was  performed  using  the  Master  cycler  kit  (Eppendorf)  according  to  the 

23  manufacturers  instructions  with  1/25  volume  of  the  sample  preparation,  0.2  mM  of  each  dNTP 

24  (Gibco/BRL,  Rockville,  Md),  400  nM  each  of  the  forward  and  reverse  primers  and  1  U  Taq  DNA 

25  polymerase.  Primers  used  in  the  PCR  amplifications  of  bacterial  DNA  were  the  16S  primers  U9F 

26  (5’-GAGTTTGATYMTGGCTC)  (14)  and  U1406R  (S’-ACGGGCGGTGTGTRCA)  (27).  and  the 
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23S  reverse  primer  LB23R  (5’-  GCCWAGGYATCCACC).  The  latter  primer  was  adapted  from 
primer  ULR  (22)  as  a  bacterial  primer.  For  amplification  of  cyanobacterial  rRNA-ITS,  the  16S 
primer  CSEF  (5,-GYCACGCCCGAAGTCRTTAC)  (22)  was  used  in  combination  with  LB23R. 
Amplification  was  performed  in  a  Mastercycler  gradient  thermocycler  (Eppendorf).  The 
thermocycler  profile  was:  one  cycle  of  4  min  at  94°C>  25-40  cycles  of  10  s  at  95°C,  30  s  at  50°C 
(55°C  for  cyanobacterial  rRNA-ITS)  and  60  s  at  72°C,  followed  by  5  min  at  72°C.  Optimization 
of  PCR  was  performed  for  each  sample  by  adjusting  the  amount  of  genomic  DNA  extract  used  to 
obtain  a  strong  band  on  an  agarose  gel,  without  visible  nonspecific  product.  The  number  of  PCR 
thermocycles  was  dependent  on  the  sample  type.  For  amplification  of  BBD  and  dead  skeleton 
(DS)  DNA,  we  performed  25  cycles  and  for  healthy  tissue  samples  (HT  and  HC)  between  30  and 
40  cycles. 


T-RFLP.  For  T-RFLP  analysis,  primers  U9F  and  CSEF  were  labeled  at  the  5’  end  with  a  blue  6- 
FA1V1  (phosphoramidite  fluorochrome  6-carboxyfluorescein).  Primer  LB23R  was  labeled  with  a 
green  HEX  (Hexachlorofluorescein)  label.  PCR  reactions  were  purified  using  the  Wizard  PCR 
prep  kit  (Promega,  Madison,  WI),  or,  if  there  was  more  than  one  band  visible  on  agarose  gel,  they 
were  gel-excised  and  purified  using  a  Qiagen  gel  extraction  kit.  Restriction  digests  were 
performed  independently  using  the  tetrameric  enzymes  Hhal,  MspI,  and  Rsal,  and  for  some 
samples  also  DpnIJ,  Haelll,  Alul  and  Earl  (New  England  Biolabs).  Ten  pi  of  purified  PCR 
product  was  digested  using  20  U  of  enzyme  in  20  pi  total  reaction  volume.  Incubation  was  done 
at  37°C  for  9  h. 

The  precise  lengths  of  the  T-RFLP  fragments  from  the  amplified  products  were  determined  by 
multicapillary  electrophoresis  with  a  model  3730x1  genetic  analyzer  automated  sequencer 
(Applied  Biosystems)  at  the  University  of  Illinois  W.  M.  Keck  Center  for  Comparative  and 
Functional  Genomics  (www.biotech.uiuc.edu)  and  analyzed  using  Genemapper  Analysis 


11 


1  Software  Version  3.7  (Applied  Biosystems).  Sample  versus  T-RFLP  peak  data  matrices  were 

2  constructed  using  peaks  above  a  threshold  of  50  units  above  background.  To  avoid  detection  of 

3  primers  and  uncertainties  associated  with  fragment  size  determination,  peaks  smaller  than  50  base 

4  pairs  (bp)  and  larger  than  1050  bp  were  culled  from  the  data  set.  To  account  for  variation  in 

5  fragment  size  determination  between  samples,  peaks  were  manually  aligned  and  placed  into 

6  groups.  To  assure  accuracy  within  one  base  pair  a  correction  factor  based  on  a  6-Fam  labeled 

7  sizing  ladder  was  subsequently  applied.  Abundance  data  was  obtained  from  the  relative  peak  area 

8  following  sample  standardization  (4).  The  taxonomic  identity  of  T-RFs  were  assessed  by 

9  comparison  with  theoretical  digests  of  various  clone  library  rRNA  gene  sequences. 

10 

1  1  Clone  libraries-  Bacterial  clone  libraries  containing  fragments  amplified  with  primers  U9F  and 
1 2  LB23R  (covering  the  rRNA  16S  and  ITS)  were  constructed  from  BBD  mat  samples  from  D. 

1  3  strigosa  (126  clones),  and  from  BBD  mat  and  healthy  tissue  (HT)  samples  from  C  natans  (118 

14  and  39  clones  respectively).  Bacterial  clone  libraries  from  amplified  16S  only  (primers  U9F  and 

15  U 1 406R)  were  constructed  from  healthy  tissue  (HT)  samples  from  D.  strigosa  ( 1 4  clones),  from 

1 6  BBD  samples  (14  clones)  and  HC  samples  (20  clones)  from  M.  annularis  and  from  BBD  samples 

17  (59  clones),  infected  tissue  samples  (20  clones)  and  healthy  tissue  samples  (18  clones)  from  G. 

1 8  ventalina .  It  was  considerably  more  difficult  to  obtain  clones  from  healthy  tissue  samples, 

1  9  especially  for  the  16S  +  ITS  rRNA  gene  libraries. 

20  Gel-purified  PCR  products  were  cloned  into  pGEM-T  (Promega,  Madison,  WI),  and  transformed 

2 1  into  calcium  chloride  competent  DH5aMCR  E.  coli  cells  using  manufacturers  instructions  and 

22  standard  techniques.  Clones  were  screened  for  the  presence  of  the  insert  and  forward  orientation 

23  by  PCR  using  primers  T7  (-26)  and  U1406R.  Useable  clones  were  stored  in  0.2  ml  96-well  plates 

24  filled  with  Luria  broth  and  lOOpg/ml  ampicillin  (Roche  Molecular  Biochemicals,  Indianapolis, 

25  IN)  and  15%  glycerol.  Inoculating,  culturing,  prepping  and  sequencing  were  performed  in  the 
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High  Throughput  Laboratory  of  the  University  of  Illinois  W.  M.  Keck  Center  for  Comparative 
and  Functional  Genomics  (www.biotech.uiuc.edu).  Sequencing  was  performed  using  the  T7(-26) 
primer  or  M 1 3R  primer,  depending  on  the  desired  sequence  information,  on  an  ABI  3730XL 
capillary  sequencer.  Sequences  were  inspected  and  corrected  using  Sequencher  4.5  software. 

Sequence  analyses.  The  sequences  obtained  were  classified  by  using  the  classifier  tool  of  the 
Ribosomal  Database  Project  II  website  [Cole  et  al  2005  uit  Jim]  and  searches  for  homology  with 
sequences  deposited  in  the  GenBank,  EMBL,  and  DDBJ  databases  were  performed  by  using  the 
program  BLAST  (2)  (ww  w.nchi.nlm. nih.gov/BLAST)  (1).  The  sequences  of  the  rRNA  gene 
fragments  identified  in  this  work  are  deposited  in  GenBank  under  accession  numbers  XXXXX 
through  YYYYY. 

Ordinations  of  T-RFLP  peak  abundances  from  BBD,  HT,  HC,  DS  samples.  Similarity 
matrices  of  T-RFLP  peak  profiles  were  calculated  using  the  Bray-Curtis  (BC)  similarity 
coefficient  .  Ordination  by  non-metric  multidimensional  scaling  (NMDS)  [Kruskal  1964]  was 
performed  to  visually  examine  differences  among  samples.  This  method  was  chosen  because  it 
makes  no  assumptions  about  the  underlying  distribution  of  data.  Each  ordination  was  run  with  30 
random  starting  configurations  and  proceeded  through  multiple  iterations  until  the  fit  of  a  non- 
parametric  regression  of  d  (distances  between  samples  on  the  NMDS  plot)  against  5  (Bray-Curtis 
similarities  or  Euclidean  distances)  could  not  be  improved.  Points  closest  together  on  the 
resulting  scatter  plot  represent  samples  that  are  most  similar.  Ordinations  and  statistical  tests  were 
performed  using  PRIMER  5  v.  5.2.9  (PRIMER-E,  Plymouth,  UK)  and  SPSS  10.0  statistical 
packages  (SPSS  Inc.,  Chicago  Ill.) 
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1 


RESULTS 


2 

3  Infectivity  of  Black  Band  Disease  (BBD)  between  coral  species 

4  To  investigate  the  extent  of  coral  species  specificity  in  BBD,  we  performed  in  situ  infection 

5  experiments.  BBD  mat  biomass  was  collected  at  different  locations  along  the  west  coast  of 

6  Curasao,  and  the  infection  experiments  were  carried  out  at  the  Water  Plant  locality,  a  site  with  a 

7  relatively  high  disease  incidence.  Three  healthy  D.  strigosa  colonies  were  exposed  to  BBD  mats 

8  derived  from  infected  D .  strigosa  under  circumstances  preventing  coral  damage.  This  was  done 

9  by  placing  transferred  BBD  flakes  in  grooves  on  the  coral  surface  where  they  were  held  in  place 

1 0  with  patches  of  transparent  plankton  nets.  Colonies  thus  exposed  to  BBD  mat  Hakes  without  any 

1  1  coral  damage  showed  clear  signs  of  a  starting  BBD  infection  after  3  days.  The  control  patches  of 

12  plankton  net  without  BBD  Hakes  remained  free  of  disease  signs  for  the  10  days  of  monitoring. 

1  3  After  having  shown  that  BBD  transmission  could  be  achieved  in  the  absence  of  coral  damage, 

14  subsequent  infection  experiments  between  coral  species  were  carried  out  by  using  sterile  needles 

1 5  for  attaching  the  BBD  Hakes  to  the  coral  surface. 

1  6  BBD  mat  biomass  was  collected  from  the  coral  species  D.  strigosa ,  M.  faveolata,  M .  cavernosa , 

17  C.  natans  and  M.  meandrites.  Apart  from  the  M.  meandrites  BBD,  the  mats  yielded  sufficient 

1  8  biomass  to  perform  duplicate  infection  experiments  on  healthy  specimens  of  five  species:  D. 

1  9  strigosa ,  M.  annularis ,  M.  cavernosa ,  C.  natans  and  P.  porites.  After  8  days,  all  the  exposed 

20  corals  showed  clear  signs  of  infection,  i.e.  tissue  mortality  around  every  needle  with  BBD  Hakes. 

21  Control  needles  remained  free  of  tissue  mortality  (Fig  IE). 

22 

23  Diversity  of  BBD  cyanobacteria  between  coral  species 

24  To  investigate  whether  susceptibility  of  different  coral  species  was  reHected  in  the  cyanobacteria 

25  dominating  the  BBD  microbial  communities,  cyanobacteria  infecting  different  coral  species  were 

26  characterized  using  a  combined  approach  of  terminal  restriction  fragment  length  polymorphism 
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(T-RFLP)  and  sequencing  of  clone  libraries  to  taxonomically  identify  terminal  restriction 
fragments  (T-RFs).  DNA  was  extracted  from  BBD  samples  collected  from  infected  specimens  of 
7  coral  species  from  5  genera:  D.  strigosa  (6),  M.  annularis  (1),  M.  cavernosa  (1),  M.  faveolata 
( 1 ),  M.  meandrites  (2),  C.  natans  (2)  and  the  seafan  G.  ventalina  (1 ).  BBD  samples  from  the  G. 
ventalina  included  a  BBD  flake  that  was  peeled  off  and  a  tissue  sample  overgrown  with  BBD 
mat.  Examples  of  sampled  colonies  are  given  in  Fig.  1  A-D.  In  addition,  DNA  was  extracted  from 
a  laboratory  strain  of  P .  corallyticum  (LR-3L),  previously  isolated  from  a  BBD  mat  (10,  13). 

Highly  resolved  cyanobacterial  community  TRFLP  profiles  were  generated  by  amplification  of 
extracted  BBD  DNA  using  a  cyanobacteria-specifie  16S  primer  (22)  labeled  with  FAM  and  a  23S 
bacteria]  primer  labeled  with  HEX.  This  protocol  was  used  to  maximize  the  detection  of 
genotypic  variation  because  the  amplified  rRNA-ITS  region  is  known  to  contain  more  sequence 
heterogeneity  than  the  more  conserved  16S  (21),  and  the  dual  labeling  doubles  the  detection  of 
fragments.  Digestion  using  6  different  restriction  enzymes  yielded  cyanobacterial  T-RFLP 
profiles  that  were  identical  for  most  BBD  samples,  but  differed  clearly  from  those  of  G.  ventalina 
and  of  the  P.  corallyticum  culture  LR-3L  (Fig  2A). 

Clone  libraries  covering  the  full  16S  and  ITS  regions  from  bacterial  rRNA  genes  were 
constructed  from  BBD  samples  derived  from  two  D.  strigosa  colonies  and  one  C.  natans  colony. 
Forward  (16S)  sequences  were  obtained  from  69  cyanobacterial  clones  (classified  by  using  the 
classifier  tools  in  RDPII)  and  53  of  these  clones  were  used  to  obtain  reverse  (ITS)  sequences  as 
well.  Single  nucleotide  polymorphisms  (SNPs)  occurred  at  45  positions  (6%)  of  the  first  750 
basepairs  from  the  16S  sequences.  Of  these  SNPs,  37  occurred  in  only  one  clone,  the  remainder  in 
two.  Sequences  of  the  546  basepairs  spanning  fragment  amplified  for  cyanobacteria-specific 
rRNA-ITS  T-RFLP  showed  somewhat  higher  sequence  heterogeneity.  At  43  positions  (8%)  there 
were  nucleotide  differences  between  clones.  In  23  clones  this  concerned  unique  SNPs,  3  SNPs 
were  shared  by  2  clones,  1  by  6  clones,  and  1  by  9  clones.  Interestingly,  a  consistent  sequence 
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1  difference  was  found  at  nucleotide  positions  167-171  bp  upstream  from  the  23S  reverse  primer. 

2  This  6  bp  sequence  contained  an  inversion  where  one  sequence  was  found  in  all  ITS  sequences 

3  obtained  from  the  C.  natans  BBD  and  from  one  D.  strigosa  BBD,  and  the  inverted  sequence  was 

4  found  only  in  the  other  D.  strigosa  BBD.  Based  on  a  theoretical  restriction  map  showing  cutsites 

5  at  this  sequence  difference  for  the  enzyme  Earl,  we  generated  T-RFLP  profiles  using  this  enzyme 

6  for  the  different  BBD  samples  described  before.  As  shown  in  Fig  3,  populations  of  the  two 

7  closely  related  cyanobacteria  could  be  distinguished  by  the  length  of  the  HEX  labeled  reverse 

8  primer  fragments  which  was  either  170  or  182  bp.  The  two  populations  appeared  to  be 

9  differentially  distributed  over  the  BBD  samples,  with  AT  annularis .  AT  faveolat a,  M.  cavernosa 

10  and  AT  meandrities  harboring  one  species,  C.  natans  harbouring  the  other  species,  and  D.  strigosa 

1 1  harbouring  either  one  or  both  (differing  between  replicates).  The  G.  ventalina  BBD  sample  did 

12  not  contain  this  cyanobacterial  strain.  Ordination  of  all  T-RFLP  profiles  (Fig  2A)  illustrates  the 

1  3  subtle  difference  between  the  cyanobacteria  dominating  the  BBD  mats  of  the  two  groups  of  stony 

1 4  corals,  and  the  substantial  difference  between  these  groups  and  the  cyanobacteria  dominating  G. 

1 5  ventalina  BBD  and  P.  corallyticum  strain  LR3. 

16 

1 7  Diversity  and  activity  of  BBD  communities  between  coral  species 

1  8  To  study  the  identities  and  relative  abundances  of  the  various  bacteria  involved  in  BBD  infecting 

1 9  different  corals,  BBD  mat  communities  were  characterized  by  T-RFLP  and  clone  library 

20  sequencing.  T-RFLP  profiles  from  bacterial  communities  in  BBD  mats  infecting  different  coral 

21  species  were  generated  by  amplification  of  extracted  DNA  using  labeled  Bacteria-specific  16S 

22  rRNA  primers  in  combination  with  universal  primers.  The  taxonomic  identities  of  abundant  or 

23  important  T-RF's  were  determined  by  comparison  with  sequenced  clone  libraries. 

24  The  16S+ITS  rRNA  clone  libraries  obtained  from  D.  strigosa  and  C.  natans  BBD  mat  samples 

25  mentioned  above,  as  well  as  the  16S  library  obtained  from  AT  annularis  BBD  samples,  were 

26  dominated  by  a  cyanobacterial  ribotype  which  was  highly  similar  to  the  genotype  CD1C1 1 
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characterized  from  BBD  mats  before  (10,  13).  A  theoretical  digest  of  this  genotype  yielded 
fragments  of  671  bp,  152  bp  and  231  bp  for  Hhal,  MspI  and  Rsal  digestion  respectively.  Table  1 
gives  the  relative  peak  areas  of  these  T-RFs  for  the  7  different  coral  species  and  replicates 
investigated.  The  T-RFs  of  the  CD1C1 1  genotype  formed  an  abundant  fraction  of  the  T-RFLP 
profiles  from  BBD  mat  samples  except  for  that  derived  from  G.  ventalina.  Since  multiple  species 
can  share  a  particular  T-RF  (e.g.  several  cyanobacterial  species  share  the  Hha  671  T-RF),  a 
reliable  minimum  estimate  of  the  contribution  of  a  particular  genotype  to  the  population  was 
based  on  the  lowest  peak  percentage  of  any  of  the  three  corresponding  T-RFs.  Considering  this, 
strain  CD1C1  1  constituted  between  0%  (G.  ventalina)  and  62%  (M.  annularis)  of  the  BBD 
communities.  In  replicate  samples,  the  contribution  of  strain  CD1C1 1  ranged  from  15%  to  45% 
between  the  8  D.  strigosa  samples  and  from  2  to  19%  between  the  2  C.  natans  samples.  T-RFs 
M-152  and  R-231,  characteristic  for  genotype  CD1C1 1,  were  not  delected  in  the  G.  ventalina 
BBD  T-RFLPs  (Table  I).  A  clone  library  from  the  G.  ventalina  BBD  mat  sample  showed  that 
other  cyanobacterial  genotypes  were  present  in  these  samples.  Genotypes  SFDC1  and  SFDC2 
were  identified  in  this  clone  library,  both  of  which  had  distinctive  T-RFs  (Table  I). 

Besides  cyanobacteria,  several  bacteria  were  found  to  be  significant  constituents  of  most  BBD 
mat  samples,  based  on  the  frequencies  of  their  ribotypes  in  clone  libraries  and  the  contribution  of 
their  T-RFs  in  T-RFLP  profiles.  The  relative  abundances  of  selected  T-RFs  in  the  different  coral 
samples  are  presented  in  Table  2  (BB  columns).  The  identity  of  the  corresponding  bacteria  can  be 
derived  from  Table  3  which  displays  the  most  important  ribotypes  identified  from  the  clone 
libraries,  their  theoretical  T-RFs  sizes  and  the  database  entries  that  are  most  homologous  to  these 
sequences.  In  cases  where  sequences  were  equally  similar  to  several  database  sequences,  the  one 
most  relevant  for  coral  associated  microbes  was  displayed.  The  BBD  mat  T-RFLP  profiles  and 
clone  library  sequences  revealed  that  the  Bacteria  that  were  relatively  abundant  in  BBD  mat 
samples  were  a-proteobacteria  from  the  genus  Rhodobacteraceae ,  y-proteobacteria  from  the 
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1  genus  Vibrionaceae  and  Bacteroidetes.  Other  Bacteria  that  were  detected  in  clone  libraries  were 

2  Clostridia ,  s-proteobacteria  and  S-proteobacteria  from  the  genera  Desulfovibrionaceae  and 

3  Desulfobacteraceae.  However,  their  contribution  to  T-RFLP  profiles  could  not  always  be 

4  confirmed  by  the  presence  of  all  three  T-RFs  and  must  thus  be  interpreted  with  more  caution. 

5  Similar  to  the  cyanobacterial  T-RFs,  the  relative  abundance  of  many  T-RFs  in  BBD  samples 

6  differed  between  infected  coral  species.  An  NMDS  ordination  of  the  BBD  mat  T-RFLP  profiles 

7  from  all  coral  species  and  replicates  showed  differences  between  the  microbial  communities 

8  inhabiting  BBD  mats  from  different  coral  species  (Fig.  2B).  This  was  confirmed  by  an  ANOSEM 

9  test  for  differences  between  these  microbial  communities  (Global  R=  0.5 1 9,  p<0.003). 

1 0  Differences  between  the  samples  from  several  coral  species  were  found  to  be  significant:  between 

1  1  D.  strigosa  and  G.  ventalina  (r=0.99l,  p<0.022)  and  between  D.  strigosa  and  M.  meandrites 

12  (r=0.802,  p<0.022),  and  less  so  between  C.  natans  and  G.  ventalina  (r=  0.833,  p<0. 1 )  and 

1 3  between  M.  annularis  and  D.  strigosa  (r=  0.804,  p<  0.1 11)-  However,  in  the  NMDS  ordination, 

1 4  the  differences  between  replicate  samples  from  D.  strigosa ,  were  not  smaller  than  the  differences 

1  5  between  most  coral  species.  It  is  therefore  unknown  whether  analysis  of  more  replicate  samples 

1 6  would  confirm  the  differences  observed  in  these  samples.  The  large  contribution  from 

17  cyanobacterial  T-RFs  to  the  microbial  community  profiles  is  illustrated  by  the  NMDS  plot 

1  8  obtained  after  exclusion  of  cyanobacterial  T-RFs  from  the  analysis  (Fig.  2C).  In  this  case  the 

1 9  communities  were  still  different  (Global  R=  0.459,  p<0.0]  6),  but  the  significance  of  the 

20  differences  between  microbial  communities  associated  with  different  corals  were  less 

21  pronounced:  D.  strigosa  and  G.  ventalina  (r=0.888.  p<0.022),  D.  strigosa  and  M.  meandrites 

22  (r=D.599,  p<0.022),  D.  strigosa  and  M.  annularis  (r=0.964,  p<0.l  1  1). 

23 

24  To  determine  if  a  significant  portion  of  the  variation  in  the  BBD  community  profiles  could  be 

25  attributed  to  inactive  bacteria,  and  to  identify  BBD  mat  components  metabolically  more  active, 

26  the  microbial  community  composition  based  on  rRNA  genes  was  compared  to  that  based  on 
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reverse-transcribed  rRNA.  DNA  and  RNA  was  extracted  from  9  BBD  mat  samples  from  different 
D.  strigosa  colonies,  and  T-RFLP  profiles  were  generated  from  DNA  and  from  cDNA. 
Corresponding  profiles  were  nearly  identical  and  although  a  few  peaks  were  slightly  bigger  in  the 
cDNA  profiles  compared  to  the  corresponding  DNA  profiles,  these  differences  were  not 
consistent  between  the  replicate  samples. 

Differences  in  microbial  communities  associated  with  black  band  mats,  healthy  coral  tissues 
and  dead  skeleton 

A  potential  role  of  cyanobacteria  and  other  coral  associated  microbes  in  BBD  pathogenesis  could 
be  revealed  by  differences  in  the  abundance  of  these  organisms  between  coral  tissues  in  different 
stages  of  infection.  We  compared  the  relative  abundances  of  microbes  in  BBD  mats  (BBD),  the 
healthy  tissue  of  infected  colonies  (HT),  the  dead  skeleton  of  infected  colonies  (DS),  and  healthy 
tissue  in  non-infected  distant  colonies  (HC).  A  comparison  of  bacterial  communities  between 
BBD  and  HT  samples  could  point  to  potential  pathogens.  In  addition,  comparison  with  the 
microbial  communities  associated  with  healthy,  non-infected  colonies  could  point  to  the  role  of 
an  altered  bacterial  community  in  susceptibility  for  or  response  to  infection.  The  relative 
abundances  of  T-RFs  from  coral  samples  from  different  infection  stages  and  their  genotype 
identification  are  presented  in  Tables  2  and  3,  respectively. 

Shifts  in  the  abundance  of  particular  ribotypes  between  BBD,  HT  and  HC  samples  appeared  to 
vary  with  the  coral  species  under  investigation  (Tables  1  and  2).  Notable  differences  were  found 
for  cyanobacterial  genotype  CD1C1 1.  This  genotype  dominated  the  healthy  tissue  (HT)  samples 
from  M.  annularis ,  M.  cavernosa ,  M.  faveolata  and  D.  strigosa  (Table  1)  and  the  healthy  colony 
(HC)  sample  from  M.  cavernosa ,  and  was  abundant  on  the  healthy  coral  (HC)  sample  of  D. 
strigosa.  In  contrast,  it  was  detected  but  virtually  absent  from  healthy  coral  (HC)  samples  from 
M .  annularis  and  M .  faveolata.  This  genotype  was  not  detected  in  either  the  healthy  tissue  or 
healthy  colony  profiles  from  C.  natans  or  M.  meandrites  (Table  1). 
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2  T-RFs  corresponding  to  the  Rhodobactereacea  genotype  (Hha  1-61/  MspI-439/  /?$al-109  or  Rsa\- 

3  423)  constituted  a  larger  fraction  of  the  BB  and  DS  microbial  communities  compared  to  HT  and 

4  HC  samples  in  most  coral  samples.  For  instance,  in  the  corals  C.  natans  and  M.  meandrites  the 

5  relative  abundances  of  these  T-RFs  were  between  10  to  20  times  higher  in  BB  samples  compared 

6  to  HT  samples  (Table  2).  The  pattern  of  relative  abundance  of  Rhodobactereacea  T-RFs  in  BB 

7  and  DS  samples  was  not  found  in  one  of  the  D.  strigosa  replicates,  in  M.  annularis  and  G. 

8  ventalina.  Vibrio  T-RFs  (Hha\-?>$5/Mspl-501/Rsal-24,  Rsa\-429  or  Rsa\-662)  were  more 

9  abundant  in  BBD  and  DS  samples  from  C.  natans ,  M.  cavernosa  and  M.  meandrites ,  but  were 

1 0  present  in  equal  or  higher  abundances  in  the  other  samples.  Other  T-RFs  which  were  more 

1  I  dominant  in  BB  and  DS  samples  from  several  coral  species  were  HhaV9b  and  Mspl- 221  in  C. 

12  natans ,  D.  strigosa,  M.  cavernosa  and  AT  meandrina.  For  several  T-RFs,  a  significant  difference 
1  3  between  BBD  mats  and  healthy  tissues  was  found  in  only  one  coral  species,  which  makes  a 

1 4  general  role  in  BBD  disease  less  likely.  These  included  for  example  Hha\-%2  in  the  AT  faveolata 

1 5  mat,  Mspl-\64  in  C.  natans,  and  Rsal- 1  19,  Rsa 1-302  and  Rsa  1-313  in  A7.  meandrites.  It  is  possible 

16  that  the  Hhal-&2  T-RF  corresponds  to  an  a-Proteobacteria  genotype  from  the  clone  library, 

1 7  however,  the  overlap  of  the  other  theoretical  T-RFs  with  other  genotypes  does  not  allow  a 
1  8  confident  assignment. 

19 

20  Some  T-RFs  were  relatively  more  abundant  on  healthy  coral  tissues  than  in  BBD  mats  or  dead 

21  skeleton.  Oceanospiri Hales  T-RFs  M-145  and  R-786  (Tables  2  and  3)  were  associated  with 

22  healthy  tissues  and  healthy  colonies  of  both  AT  meandrites  colonies  and  the  healthy  tissues  of  one 

23  C.  natans  colony.  In  most  coral  species,  T-RF  H-21 1  was  more  abundant  in  the  HC  samples 

24  compared  to  the  HT  samples.  A  similar  difference  was  found  for  M-505  although  not  in  D. 

25  strigosa  and  AT  cavernosa.  Several  T-RFs  were  very  abundant  in  healthy  tissue  or  healthy  colony 

26  samples,  but  were  restricted  to  only  one  or  two  coral  species.  Especially  the  healthy  tissues  from 
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1  C.  natans  and  M.  meatidrites  harbored  such  unique  and  abundant  ribotypes  (H85,  H9 1 ,  H7 15* 

2  M 1 46,  M452,  R58,  R 1 3 1 ,  R23 1 ,  R700,  R786)  but  their  presence  was  not  consistent  between 

3  replicates,  e.g.  H-91  in  C.  natans  replicates  (Table  2). 
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DISCUSSION 


2 

3  Host  specificity  and  disease  transmission  of  BBD  mats 

4  Transfer  of  BBD  infection  was  possible  between  various  coral  species,  and  even  P.  pontes  which 

5  was  thought  to  be  resistant  to  infection  (40)  could  be  infected.  Hence,  no  indication  for  host 

6  specificity  of  BBD  mats  has  become  evident  from  our  in  situ  infection  experiments. 

7  Although  BBD  is  common  in  areas  with  little  anthropogenic  disturbance,  a  higher  frequency  of 

8  disease  has  been  reported  on  corals  suffering  from  environmental  and  physiological  stress  (10, 

9  40).  The  Water  Plant  area  where  we  took  most  samples  and  performed  most  of  our  experiments 

1 0  can  be  considered  a  highly  impacted  site  (23,  24).  BBD  is  also  most  active  late  summer  at  higher 

1  1  seawater  temperatures  (40).  Therefore,  the  environmental  conditions  under  which  the  in  situ 

1 2  infection  experiments  were  carried  out  may  have  resulted  in  the  use  of  corals  particularly 

1  3  susceptible  to  infection.  A  potential  cause  for  enhanced  susceptibility  of  corals  to  BBD  infection 

14  could  be  a  shift  in  the  healthy  coral-associated  microbial  communities.  Potential  pathogens  would 

1 5  be  present  on  healthy  corals  yet  only  initiate  disease  when  the  normal  microbial  communities 

1 6  become  disturbed  (see  also  below).  Provided  CD1C1 1  plays  an  important  role  in  disease 

1 7  initiation,  the  detection  of  a  high  abundance  of  these  cyanobacteria  on  apparently  healthy  corals 
1  8  (24)(Tablel)  could  be  used  to  support  this  hypothesis. 

1  9  An  alternative  or  additional  factor  explaining  BBD  disease  transmission  is  the  direct  transfer  of 

20  BBD  bacteria  to  intact  or  damaged  corals.  In  our  experiments,  the  presence  of  BBD  microbes 

2 1  rather  than  mechanical  stress  initiated  the  infection  of  corals.  Merely  damaging  the  coral  surface 

22  by  the  control  needles  was  not  enough  to  start  an  infection  (even  when  BBD  mat  flakes  were 

23  nearby  at  about  10  centimeters  distance).  Moreover,  a  gentle,  non-invasive,  exposure  of  the  coral 

24  surface  to  BBD  flakes  showed  that  damaging  the  coral  surface  is  not  needed  for  infection 

25  initiation.  These  findings  point  to  a  potential  route  of  disease  transmission  simply  via  physical 

26  contact.  Corals  could  be  inoculated  with  BBD  microbes  transported  by  marine  organisms  as  has 
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been  shown  for  the  Vibrio  shiloi/Oculina  patagonica  coral  disease  model  system  (ref  Rosenberg) 
or  via  seawater  after  detachment  of  portions  of  BBD  mats.  No  consistent  clues  about  the  mode  of 
transmission  can  be  derived  from  the  natural  BBD  distribution  as  field  observations  reported  of  a 
clumped  but  also  of  a  random  distribution  of  BBD  (5,  11, 26,  3 1 ). 

Based  on  our  results  it  seems  likely  to  assume  that  BBD  is  also  infectious  between  different  coral 
species  by  means  of  contact  only,  however  this  was  not  specifically  tested. 

Host  specificity  of  BBD  mat  Cyanobacteria  in  disease  progression 

The  occurrence  of  species  specific  associations  in  the  actively  migrating  BBD  mats  was  studied 
by  analyzing  components  of  the  BBD  microbial  communities  in  different  coral  species. 

The  dominant  cyanobacterium  microscopically  identified  as  P.  corallyticum  (31,40)  and 
phylogenetically  as  a  member  of  the  genus  Oscillaioria  ( 10,  1 3)  is  essential  for  disease 
progression  (3  1 ,  40).  Notably,  BBD  mats  could  be  inhibited  and  disappeared  after  a  few  days 
when  shaded  from  light  (18)  (unpublished  results  IJ  and  JK).  High  resolution  genotypic  analysis 
by  using  T-RFLP  profiles  generated  from  cyanobacterial  rRNA-JTS  genes  showed  that  the 
cyanobacteria  in  most  BBD  samples  were  nearly  identical,  only  the  seafan  G.  ventalina  harbored 
completely  different  genotypes  (Fig  2A).  The  Phormidium  corallyticum  strain  previously  isolated 
from  BBD  samples  was  not  the  dominant  BBD  organism  (Fig.  2A).  This  confirmed  the 
conclusion  of  other  authors  (10,  13)  and  is  likely  due  to  inherent  difficulties  of  cultivating  and 
identifying  marine  cyanobacteria. 

The  different  clones  from  the  cyanobacterial  genotype  CD1C1 1  which  dominated  most  BBD 
mats,  showed  very  limited  sequence  heterogeneity.  Similarities  of  the  sequences  we  obtained 
from  6  coral  species  and  those  obtained  by  other  researchers  from  Caribbean  (10,  13)  and  Indo- 
Pacific  samples  (39)  were  within  the  same  range  (98-99%  similarity).  Since  these  samples  were 
obtained  in  different  years  and  from  very  different  locations,  it  appears  that  regional  and  temporal 
variability  is  not  greater  than  local  variability  for  the  BBD  mat  cyanobacteria.  The  dominant  G. 
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1  ventalina  cyanobacteria  SFDC 1  and  SFDC2  were  clearly  different  taxa  and  had  a  sequence 

2  similarity  of  only  88-89%  with  genotype  CD1C1 1.  These  G.  ventalina  genotypes  were  more 

3  similar  to  the  BBT  (95%  similarity)  and  PNG  (91%)  strains  which  had  been  characterized  from 

4  BBD  mats  infecting  a  D.  strigosa  colony  in  an  aquarium  and  a  Poritis  lutea  colony  from  the  Indo- 

5  Pacific,  respectively  (13).  Despite  its  widespread  occurrence,  cyanobacterium  CD1C1  1  does  not 

6  seem  to  have  a  unique  role  as  its  niche  in  BBD  mats  may  also  be  occupied  by  other,  quite 

7  different  cyanobacteria  (SFDC1,  SFDC2,  PNG,  BBT).  The  occurrence  of  these  deviant  genotypes 

8  only  on  particular  coral  species  suggested  host-specific  interactions.  Although  we  found  a 

9  potential  for  cross  infections  between  multiple  coral  species  from  different  genera,  these  were  all 

1 0  massive  scleractinian  species.  It  is  unknown  if  a  similar  cross-infectivity  is  possible  if  the  G. 

1  1  ventalina  would  be  included  in  the  infection  scheme.  Such  interspecies  infection  experiments 
12  between  species  dominated  by  different  cyanobacterial  genotypes  could  explore  the  limits  to 
1  3  i nfecti vity  and  host  specific  interactions. 

14  Monitoring  BBD  community  profiles  after  such  deliberate  infection  of  different  coral  species 

1 5  would  likely  yield  interesting  insights  in  the  role  of  BBD  community  bacteria. 

16 

17  We  showed  that  at  least  two  very  closely  related  genotypes  occurred  in  the  BBD  mats,  and  that 
1  8  their  distribution  could  be  revealed  by  using  a  specifically  designed  T-RFLP  analysis.  The 

1 9  distribution  of  these  genotypes  could  suggest  species-  specific  interactions,  with  one  genotype 

20  infecting  C.  natans  and  D.  strigosa ,  and  the  other  all  investigated  species  except  for  C.  natans  and 

2 1  G.  ventalina.  However,  the  presence  of  both  strains  on  one  D.  strigosa  sample  (Fig.  3)  and  the 

22  lack  of  sufficient  replicates  for  most  infected  corals  make  such  an  assumption  highly 

23  hypothetical.  The  possibility  to  differentiate  between  closely  related  cyanobacteria  as  shown  here 

24  does  not  have  to  be  exhaustive.  It  was  based  on  sequence  analysis  of  the  clones  of  only  two  BBD 

25  samples  and  it  is  possible  that  inclusion  of  more  BBD  samples  would  reveal  additional  genotypic 

26  variation.  In  addition,  ecotypic  variation  may  be  missed  because  it  may  not  be  reflected  in 
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sequence  variation  in  the  rRNA  gene  (19).  The  ecological  significance  of  the  observed  genotypes 
could  only  be  derived  from  thorough  studies  of  multiple  different  BBDs,  from  population  shifts 
after  interspecific  infections,  or  from  ecophysiological  studies  of  isolated  strains.  The  latter  option 
has  become  realizable  by  the  recent  isolation  of  pure  cultures  from  the  dominant  BBD 
cyanobacteria  by  Sussman  et  ai  (39).  These  authors  obtained  black  and  red  strains  of  filamentous 
cyanobacteria  with  identical  16S  rRNA  sequences.  The  role  of  these  ecotypes  could  be  derived 
from  ecophysiological  studies  in  combination  with  studies  of  their  distribution  between  corals  and 
within  BBD  mats,  which  may  be  achieved  by  differentiation  by  using  rRNA- ITS  sequences. 

Microbial  community  diversity  of  black  band  disease  mats 

The  extent  of  the  overall  microbial  diversity  in  BBD  mats  yielded  contrasting  claims  in  previous 
studies.  DGGE  profiles  showed  clear  differences  in  the  microbial  diversity  in  BBD  mats  obtained 
from  D.  strigosa ,  M.  annularis  and  C.  twtans  (10).  However,  based  on  T-RFLP  profiles,  the 
microbial  communities  of  BBD  mats  from  9  D.  strigosa  replicates  and  1  M .  annularis  sample 
were  reported  to  be  identical  (14),  but  no  information  of  the  extent  of  variation  between  these 
samples  was  presented  in  that  report.  In  addition,  the  bacterial  composition  of  the  BBD  mat  was 
claimed  to  depend  on  the  dominant  cyanobacterium  in  BBD  mats.  The  analysis  of  our  samples  as 
pictured  by  the  ordinations  of  Fig  2B  and  C  showed  a  significant  variation  between  samples, 
especially  in  the  relative  abundances  of  particular  bacterial  groups  (Tables  1  and  2).  Most  T-RFs 
were  found  to  be  present  in  most  coral  samples,  but  their  relative  abundances  varied  considerably. 
Hence,  in  contrast  to  the  earlier  report,  clear  differences  were  observed  between  BBD  associated 
microbial  communities,  and  these  differences  were  significant  between  several  species.  In 
congruence  with  the  earlier  finding  that  the  dominant  cyanobacterium  dictates  the  community 
composition,  the  G.  ventalina  BBD  mat  microbial  communities  (dominated  by  different 
cyanobacteria)  differed  clearly  from  those  from  other  coral  species  (Fig.  2B  and  2C).  However, 
BBD  mat  communities  from  other  coral  species  could  also  be  significantly  different,  and  the 


25 


1  differences  between  some  replicate  samples  of  the  same  species  were  not  smaller  than  the 

2  differences  between  coral  species  (Fig  2B  and  2C).  Particularly  the  NMDS  ordinations  of  Fig  2C 

3  where  the  dominant  cyanobacterial  T-RFs  were  excluded  from  analysis,  showed  that  the 

4  microbial  communities  in  the  G.  ventcilina  mat  were  not  markedly  more  distinct  than  those  from 

5  the  other  coral  species  and  replicates.  The  reason  for  the  contrasting  findings  in  both  studies  is 

6  unknown.  Although  the  dominant  BBD  cyanobacteria  other  than  CD1C1 1  differed  between  both 

7  studies,  the  genotypes  in  the  previous  study  (PNG  and  BBT)  were  more  similar  to  CD1C1 1  than 

8  the  genotype  from  the  current  study  (SFDC). 

9 

1 0  Microbes  associated  with  BBD  mats  and  with  healthy  coral  tissue 

1  1  The  cyanobacterial  genotype  CD1C1 1  dominated  most  BBD  profiles,  but  its  relative  abundance 

1 2  varied  considerable  between  samples.  This  genotype  has  been  detected  before  in  clone  libraries 

1 3  (Table  3),  but  previous  studies  of  its  abundance  in  BBD  mats  and  healthy  tissue  samples  have 

1 4  yielded  contrasting  records.  Using  DGGE,  Cooney  et  al  ( 1 0)  found  a  clear  but  variable  abundance 

15  of  this  genotype  in  BBD  mats,  but  did  not  delect  it  in  healthy  coral  tissues.  Frias-Lopez  et  al  (14) 

1 6  detected  this  strain  as  a  minor  proportion  in  their  T-RFTP  community  profiles  of  BBD  mats,  but 

1  7  found  it  to  be  dominant  in  the  same  samples  by  using  MPN-PCR.  They  also  reported  the  absence 

18  of  this  strain  from  healthy  coral  tisues  (10,  13).  In  contrast,  we  detected  genotype  CD1C1  1  by  T- 

1 9  RFLP  in  all  our  samples  of  similar  origin  (Table  1 ).  Moreover,  Klaus  et  al  (24)  consistently 

20  detected  this  genotype  in  12  healthy  M .  annularis  colonies  sampled  from  shallow  water.  P. 

21  corallyticum  has  been  identified  by  microscopy  in  sediment-filled  depressions  on  the  coral 

22  surface  (32).  The  reasons  for  these  differences  between  analyses  are  unknown.  Since  replicate 

23  samples  were  analyzed  in  all  these  studies,  the  differences  are  unlikely  due  to  atypical  samples. 

24  There  was  limited  annual  variation  between  the  studies,  but  some  of  the  coral  species  and 

25  sampling  locations  were  the  same.  Another  possibility  is  that  technical  differences  in  DNA 

26  extraction,  PCR  or  T-RFLP  could  have  resulted  in  the  observed  differences  between  these  studies. 
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The  variable  abundance  of  the  CD1C1 1  genotype  in  some  of  our  BBD  samples  (e.g.  C.  natans  or 
D.  strigosa  replicates  in  Table  1)  could  indicate  a  non-essential  role  for  the  corresponding 
cyanobacterium.  But  it  is  equally  possible  that  different  abundances  of  these  cyanobacteria 
represented  BBD  mats  of  different  activity,  for  example  at  a  different  stage  of  infection.  This 
option  could  be  studied  by  a  comparison  of  BBD  mats  at  different  infection  stages  or  moving  at 
different  speeds.  Likewise,  the  presence  of  the  dominant  BBD  cyanobacterium  in  the  microbial 
communities  associated  with  healthy  coral  tissues  could  indicate  that  this  organism  can  be  a 
normal  constituent  of  a  healthy  coral  and  is  not  specifically  associated  with  infection.  On  the 
other  hand,  it  could  also  mean  that  the  sampled  tissue  is  in  the  initial  stage  of  disease  and  will 
soon  be  overrun  by  BBD. 

Some  T-RFs  were  found  to  be  more  abundant  in  BBD  and  DS  compared  to  HT  and  HC  samples 
samples  (Table  2).  These  organisms  are  therefore  more  likely  to  have  an  essential  role  in  disease. 
This  was  most  evident  for  the  species  of  Rhodobaeteraceae,  Vibrionaceae ,  Bacteriodetes  and 
Desulfovibrionaceae  that  were  identified  (Table  3). 

The  Rhodobactereaceal  genotype  was  especially  interesting  in  that  its  abundance  was  higher  in 
BB  and  DS  samples  compared  to  HT  and  HC  samples  in  the  samples  from  most  coral  species, 
including  the  C.  ventalina  (Table  2).  This  genotype  was  98%  similar  to  the  a-proteobacterial 
genotype  that  had  been  identified  in  BBD  mats  before  (10)  and  was  related  to  the  aetological 
agent  of  Juvenile  Oyster  Disease  by  these  authors. 

Vibrio  species  have  been  implicated  in  many  marine  diseases  including  coral  diseases  (8,  38,  41). 
Several  of  our  clone  library  sequences  from  BBD  mats  were  99%  similar  to  Vibrio  strains  that 
induced  yellow  band  disease  in  M.  annularis  colonies  (8).  Other  Vibrio  sequences  had  a  high 
similarity  (97-98%)  with  V.  shilonii  and  V.  coralliilyticus  strains  which  have  been  shown  to  cause 
heat-dependent  coral  bleaching  in  corals  (38).  In  most  studies  of  coral  associated  microbes. 
Vibrios  were  not  recognized  as  a  significant  component  of  BBD  mats  (10,  15)  or  healthy  coral 
tissue  (10,  15,  35,  36).  Recently  however,  members  of  the  Vibrionaceae  were  shown  to  constitute 


27 


1  a  considerable  proportion  (up  to  38%  of  clone  library  sequences)  of  the  microbial  community  of 

2  healthy  corals  (6).  Also  in  our  samples,  Vibrios  constituted  a  significant  yet  variable  fraction  of 

3  the  microbial  communities.  They  were  relatively  more  abundant  in  the  BBD  and  DS  samples 

4  from  some  species  (e.g.  C.  natans  and  M.  meandrina),  but  on  other  species  they  were  equally 

5  present  in  healthy  coral  tissues  (Table  2).  Many  Vibrio  spp.  have  been  shown  to  be  opportunistic 

6  pathogens  which  are  present  on  the  surfaces  of  marine  species  but  are  not  toxic  until  triggered  by 

7  various  stress  factors  (9).  Possibly,  the  Vibrios  associated  with  corals  are  normal  components  of 

8  the  healthy  coral  microbiota,  with  environmental  triggers  such  as  increased  temperature  switching 

9  on  virulence  factors  to  allow  infection  (38). 

1 0  Bacteroidetes  T-RFs  were  more  abundant  in  the  BBD  and  DS  samples  compared  to  HT  and  HC 

1  1  samples.  Although  the  characteristic  FI-96  and  M-91  T-RFs  were  also  relatively  abundant  in  the 

12  healthy  coral  samples  from  M.  annularis  and  M.  faveolata.  the  Rsa  digests  were  not  detected  in 
I  3  these  samples.  The  corresponding  clone  library  sequences  were  98%  similar  to  uncultured 
14  Bacteroidetes  identified  in  BBD  samples  before  (Table  3). 

1  5  Other  T-RFs  identified  in  BBD  samples  corresponded  to  clone  library  sequences  from  strictly 
1  6  anaerobic  and  sulfate  reducing  Desulfovibrio  and  Desulfobacter  species.  These  were  previously 
1  7  identified  in  the  anoxic  microenvironment  created  by  BBD  by  microscopy  (16)  and  in  clone 

18  libraries  (10,  15).  One  genotype  was  identified  as  an  important  components  of  BBD  mats  as  well 

19  as  healthy  coral  tissue  (14).  In  our  samples,  only  few  clones  were  encountered,  and  the  organisms 

20  seemed  rare  based  on  the  T-RFLP  profiles.  However,  a  confident  estimate  of  the  abundance  of 

21  these  genotypes  was  difficult  to  make  since  the  Hha  T-RF  (96  or  98)  is  shared  with  Bacteroidetes 

22  which  were  abundant  in  BBD  mats,  and  the  Msp  T-RF  (166)  with  Corynebacteriaceae  which 

23  were  abundant  on  some  healthy  tissues.  The  characteristic  Rsa  T-RFs  from  492  and  497  bp  were 

24  very  low 

25 

26  Differences  in  microbes  associated  with  healthy  tissues  of  infected  and  non-infected  corals 
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Differences  in  the  abundances  of  bacteria  associated  with  healthy  tissues  of  infected  and  non- 
infected  colonies  could  reveal  a  role  of  these  bacteria  in  disease.  When  comparing  microbial 
community  DGGE  profiles  from  M.  annularis  coral  tissue  infected  with  white  band  disease 
(WBD)  to  that  of  non-infected  remote  colonies,  Pantos  et  al  (29)  claimed  to  have  found  such 
differences.  Our  community  profiles  from  M.  annularis  and  from  M.  faveolata  clearly  showed  a 
much  higher  relative  abundance  of  the  CD1C1 1  genotype  in  healthy  tissues  of  infected  colonies 
compared  to  non-infected  colonies  (Table  1).  The  virtual  absence  of  the  CD  1C  I  I  cyanobacteria 
from  these  healthy  corals,  and  their  absence  from  healthy  coral  tissues  of  (infected  as  well  as  not- 
infected)  C.  natans  and  M.  meandrites ,  could  indicate  that  some  corals  actively  keep  out  potential 
pathogens.  The  lower  incidence  of  BBD  in  these  coral  species  would  then  suggest  that  keeping 
the  colony  tissue  devoid  of  CD  1C  1 1  cyanobacteria  may  prevent  BBD  infection. 

Besides  the  CD1C1 1  genotype  T-RFs,  T-RFs  H-21 1  and  M-505  were  more  abundant  in  the  HC 
samples  compared  to  the  HT  samples  from  the  same  coral  species  (Table  2).  The  corresponding 
organisms  could  be  normally  associated  with  healthy  corals  and  their  lower  abundance  could  be 
the  cause  or  the  result  of  an  infection.  Clones  retrieved  from  healthy  M.  annularis  clones 
corresponded  to  these  T-RFs  and  matched  exactly  with  environmental  sequences  retrieved 
previously  from  M.  annularis  colonies  and  classified  as  Cyanobacteria  (Table  3).  These 
genotypes  could  be  derived  from  plastids  which  would  point  to  a  relatively  lower  abundance  of 
these  plastids,  likely  from  the  symbiotic  Symbiodinium,  in  the  healthy  tissues  of  infected  coral 
colonies  (compared  to  non-infected  coral  colonies). 

Several  T-RFs  in  healthy  tissues  samples  from  M.  meandrina  and  C.  natans  colonies  (H-21 1,  M- 
128,  M-423,  M-486,  R647)  corresponded  to  y-proteobacteria  (Table  3),  some  of  which  detected 
previously  on  healthy  tissues  obtained  from  Pacific  corals.  The  presence  of  unique  ribotypes  in 
healthy  tissue  (e.g.  H-85,  H-91,  H-715,  M-145,  M-452,  R-700,  R-786)  samples  of  particular 
corals  underscores  the  Findings  of  various  authors  that  a  coral -specific  microbial  community  lives 
associated  in  or  on  the  coral  mucus  (15,  35,  36).  However,  the  variable  abundance  between 
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1  replicate  corals  of  some  very  abundant  T-RFs  identified  in  this  study  does  not  suggest  an  essential 

2  role  for  these  particular  organims. 
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1  FIG  1 


2  A.  Black  band  disease  infecting  Diploria  strigosci 

3  B.  Black  band  disease  infecting  Montastraea  annularis 

4  C.  Black  band  disease  infecting  Meandrina  meandrites 

5  D.  Black  band  disease  infecting  Gorgonia  ventalina 

6  E.  Infection  of  M.  faveolata  with  BBD  mat  flakes  derived  from  Diploria  strigosa  (upper  left), 

7  Montastraea  faveolata  (lower  left),  Montastraea  cavernosa  (upper  right),  Colpophyllia 

8  natans  (lower  right).  A  control  needle  (middle)  contained  no  BBD  flake 

9 

10 

11  FIG  2 

1 2  A.  NMDS  ordination  of  Cyanobacterial  communities  dominating  the  BBD  mats  from  the 

13  coral  species  Colpophyllia  natans  (Cn),  Diploria  strigosa  (Ds),  Montastraea  annularis  (Maf 

1 4  Montastraea  cavernosa  (Me),  Montastraea  faveolata  (MO,  Meandrina  meandrites  (Mm)  and 

1 5  Gorgonia  ventalina  (Gv).  Numbers  following  species  code  represent  replicates.  Ordination 

16  was  based  on  the  Bray-Curtis  similarity  coefficients  generated  from  T-RFLP  profiles  from 

17  dual-labeled  cyanobacterial  rRNA-ITS  amplicons  digested  with  7  different  enzymes. 

18 

1 9  B.  NMDS  ordination  of  bacterial  communities  dominating  the  BBD  mats  from  the  coral 

20  species  Colpophyllia  natans  (Cn),  Diploria  strigosa  (Ds),  Montastraea  annularis  (Ma), 

2 1  Montastraea  cavernosa  (Me),  Montastraea  faveolata  (MO,  Meandrina  meandrites  (Mm)  and 

22  Gorgonia  ventalina  (Gv).  Numbers  following  species  code  represent  replicates.  Gva  is  a  BBD 

23  flake  sample  and  Gvb  is  a  sample  from  diseased  tissue.  Ordination  was  based  on  the  Bray- 

24  Curtis  similarity  coefficients  generated  from  T-RFLP  profiles  from  1 6S  rRNA  amplicons 

25  digested  with  3  different  enzymes. 

26 

27  C.  NMDS  ordination  based  on  the  same  T-RFs  as  2B,  with  the  exclusion  of  the 

28  Cyanobacterial  T-RFs 


1  FIG  3 


2  Section  of  T-RFLP  profiles  obtained  by  Earl  digestion  of  amplified,  dual-labeled 

3  Cyanobacterial  rRNA-ITS.  Shown  are  the  fragments  that  include  the  HEX  labeled  LB23R 

4  reverse  primer  from  BBD  mats  infecting  C.  natans,  D.  strigosa  and  M.  cavernosa. 
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C.  natans 

1  f.O  170  1  BO 

— + - 4- - ♦ - — • - 1 - + 


D.  strigosa 

1  i-_.ii  1  ?U  1  1 1 

- « - 1 - 1 - » - 1 - »- 


M  cavernosa 

1  60  1  70  1  BO 

- 1 - 1 - » - » - 1 - ^ 


Table  1:  Relative  abundances  of  dominant  cyanobacteria  in  the  microbial  communities  of 
black  band  disease  mats  and  associated  with  healthy  coral  tissues.  Values  separated  by 
forward  slashes  are  percent  peak  area  of  T-RFs  in  T-RFLP  profiles  generated  with  Hhal, 
MspI  and  Rsal,  respectively.  BBD-  black  band  disease  mat,  HC=  healthy  tissue  infected 
colony,  HT=  healthy  tissue  non-infected  remote  colony,  DS=  dead  skeleton.  nd=  not 
determined 
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Coral  sample^ 
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HT 

HC 

DS 

C.  naians  ( 1 ) 
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C.  naians  (2) 
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5/1/0 

D.  strigosa  (  1 ) 
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24/35/44 
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2/0/1 

D.  strigosa  (2) 
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28/30/40 
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38/61/80 
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nd 

D.  strigosa  (4) 

23/47/57 

nd 
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aNumber  between  brackets  is  replicate  number 
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Table  3:  Characterization  of  clone  library  sequences.  Divison  level  and  Genus  level 
classification,  theoretical  digests  and  the  similarity  to  database  sequences  are  presented  from 
selected  sequences.  H=  Hhal,  M=  MspI,  R=  Rsal  digested. 


Division 
level  ID 

Genus  level 

IDH 

T-RF  (bp) 

Accession  # 

Examples  of  most  homologous  sequences  [accession  #]h 

Family  3.1 
(91-99%) 

H671/M152/R23I 

xxoooo 

Uncult.  BBD  cyanobacterium  from  St.  Croix  [AF473936] 
(98-99%):  Uncult.  BBD  cyanobacterium  from  Curacao 
[AY038527J  (98-99%):  Cultured  BBD  cyanobacterium  from 
Palau  [AY83964I )  (98-99%) 

Cyano 

bacteria 

Family  4.1 
(46%) 

H671/M152/R423 

xxoooo 

Spirulina  sp.  [AF091 109]  (97%) 

Family  4.1 
(61 -72%) 

H211/M505 

xxoooo 

Uncult.  Cyanobacterium  from  M.  annularis  [AF544885] 
(100%) 

Family  2.1 
(53%) 

H230/M495/R425 

xxoooo 

Umnothrix  redekei  [AJ505943]  (91  %) 

Family  3.1 
(61-97%) 

H230/M495/R425 

xxoooo 

Spirulina  sp.  (Y 18793,  AF091 109]  (91-95%) 

Microcoleus  sp.  [X70770]  (92%) 

Family  1.1 
(63-68%) 

H 669/M  1 49/R 1 90 

xxoooo 

Spirulina  sp.  [Y 18792]  (92%) 

Cyanothece  sp.  [AB067581]  (91%) 

H6I/M439/R109 

xxoooo 

Rhodobacieriaceae  from  marine  environments,  fish  farms 
(94-99%):  Uncult.  a- Proteobaaerium  from  BBD  infected 

D.  strieosa  and  M.  annularis  corals  [AF473920]  (95-98%) 

Rhodobacter 

H61/M439/R423 

xxoooo 

aceae 

H61/M439/R824 

xxoooo 

H343/M44 1/R 1 1 8 

xxoooo 

Methyl cyst 
aceae 

H342/M87/R689 

xxoooo 

OceanospiriUum  pusillum  [AB006768]  (97%) 

H342/M87/R125 

xxoooo 

Uncult  a-Proteobaclerium  A 1 15-18  from  Acropora 
palmate  corals  [AY3231 37]  (97%) 

a- Protect 
bacteria 

Sphingomona 

Daceae 

H82/M  150/R422 

xxoooo 

Erythrobaaer  sp.  ABO  12062  (99%):  Pry throbac ter  vulgaris 
from  marine  invertebrates  AY706938  (98%) 

Methylocysi 
aceae  (15- 
58%) 

H90/M447/RI26 

xxoooo 

UncuK  a-Proteobactermm  from  deap  sea  [AY354I46] 

(93%) 

H92/M449/R833 

xxoooo 

Uncult.  a-Proteobactenum  from  squid  [AJ633974]  (95%) 

H92/M 121/R836 

xxoooo 

Kopriimonas  byunsanensis  from  marine  biofilm 
[DQ 167245]  (93-95%) 

Methylocyst 
Aceae  (33- 
72%) 

H7 1 0/M450/R57 

xxoooo 

Uncult.  a-Proieobacterium  A 190-6  from  healthy  /).  strigosa 
and  M.  annularis  corals  [AF473960]  (97-100%) 

Vibrionaceae 

H385/M507/R662 

xxoooo 

Vibrios  FLG2A  [AY770830]  (99%)  and  YB3122 
[AY770831]  (99%)  isolated  from  yellow  band  disease: 

Vibrio  para  haemolydcus  [BA000031]  (98%);  Uncult. 

Vibrios  from  coral  Pocillopora  damicornis  [AY700621  ] 

(98%) 

H385/M507/R439 

xxoooo 

Vibrio  shilonii  [  AY91 1 392]  (98%) 

Vibrio  coraUxlyticus  [  AJ440004]  (97%) 

H385/M507/R24 

xxoooo 

Uncult.  Vibrios  from  coral  Pocillopora  damicornis 
[AY700621]  (97%):  Vibrio  parahaemolyticus  clone 
[  AF388387]  (98%) 

H2I I/M493/R647 

xxoooo 

Uncult.  y-  Proteobaaerium  from  healthy  or  BBD  infected 
corals  [AY038408]  (99%) 

Oceanospirilla 

ceae 

H21  I/M  1 27/R647 

xxoooo 

OceanospiriUum  beijerinckii  [AB006760]  (92%) 

y- Protect 
bacteria 

H567/M493/R647 

xxoooo 

Uncult.  y- Proteobaaerium  from  healthy  or  BBD  infected 
corals  [AY038407]  (99%) 

H364/M487/R24 

xxoooo 

Uncult.  OceanospinUum  sp. 

[AY664230]  (96%) 

Aheromonada 
ceae  (51%) 

Ml 46  M486 

xxoooo 

Alteromonadaceae  and  Colwdliaceae  from  marine 
environments  (93-96%):  Uncult.  bacterium  from  coral 
Pocillopora  damicornis  (GBR)  [  A  Y700607]  (96%) 

M 1 27/R650 

xxoooo 

Uncult.  bacterium  from  coral  Pocillopora  damicornis 
(GBR)  [AY700601]  (95%) 

Hahellaceae 

(28-77%) 

H223/M1 27/R765 

xxoooo 

Spongiobacter  nickelotolerans  from  marine  sponge 
[AB 20501  M  (97%) 

M145/R786 

xxoooo 

Uncult.  bacterium  from  salmon  gills  [AY494615]  (97%): 
Uncult.  bacterium  from  coral  Pocillopora  damicornis 
(GBR)  [AY700600]  (95-97%) 

Saccharospiril 

M 127/R650 

xxoooo 

Uncult.  y- Proteobaaerium  from  salmon  gills  [AY494615] 
(97%) 

iaceae 

(29-56%) 

M145/R786 

xxoooo 

Bacteroide 

Rikeneflaceae 

H96/M91/R1 31 

xxoooo 

[AY580708]  Uncult.  marine  Bacteroidetes  (99%) 

(73-89%) 

[AY038398]  Uncult.  P lav  abac  teriaceae  from  B8D  sample 
(98%) 

tes 

Flammeovirga 
ceae  (46-55%) 
Flavobactena 
ceae  (32-50%) 

H96/M91/R312 

XXOOOO 

Uncultered  Cytophagafes  from  estuaries  [AY337037]  (96%) 
Flexibacter  aggregans  [AB078042]  (94%) 

Desulfovihrion 

aceae 

H96/M164/R492 

XXOOOO 

Desulfovibrio  aespoeensis  (94%) 

Desulfobacter 

H98/M514/R497 

XXOOOO 

Desulfobacter  sp.  [U85476]  (94%) 

a 

ceae 

H98/MI66/R497 

XXOOOO 

Uncult.  Verrucomicrobia  from  the  Arctic  Ocean 
[AY028221]  (96%) 

c-Proteo 

bacteria 

Campylobacte 

raceae 

HI0I/M474/R457 

XXOOOO 

Arcobacter  sp.  [AF5 1 3455]  (94%) 

Peptostreptoc 
c aceae 

M222/R872 

XXOOOO 

Clostridium  sp.  from  marine  sediment  [AB 196728]  (96%) 

Peptostrepioco 
cc aceae  (85- 
90%) 

H385/M484/R467 

XXOOOO 

Fusibacter paucivorans  [AF050099]  (94%) 

Clostridia 

Closiridiaceae 

(45%) 

M221/R469 

XXOOOO 

Uncult,  sapropel  bacterium  [AJ630153J  (95%) 

Uncult.  lidal  flat  bacterium  [AJ786046]  (96%) 

Lachnospirace 
ae  (37-48%)! 

M22I/R469 

XXOOOO 

Uncult.  Firmicute  from  BBD  infected  corals 
[AF473925]  (99%) 

Lachnospirace 
ae  (76%)! 

H531/M221/R469 

XXOOOO 

Uncult.  sapropel  bacterium  [AJ630153]  (95%) 

Uncult.  intertidal  flat  bacterium  [AJ786046]  (96%) 

a  Displayed  between  brackets  is  the  confidence  of  assignment  as  defined  in  the  RDPI 1  classifier  tool  if  below  1 00%. 
b  Displayed  between  brackets  is  the  percentage  similarity  to  database  sequences 

